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1 General Introduction 
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1.1 Ageing: a complex process 
Senescence is a nearly universal feature of multicellular organisms 
(Semsei, 2000). Commonly, it is defined as the progressive loss of 
function leading to decreasing reproduction rates and increasing 
mortality with advancing age, and ultimately to death (Flatt and 
Schmidt, 2009; Hughes and Reynolds, 2005; Kirkwood and Austad, 
2000). Senescence occurs because the force of natural selection 
declines with age and is thus inefficient at maintaining function at old 
age (Flatt and Schmidt, 2009; Hughes and Reynolds, 2005; Williams, 
1957). However, understanding how ageing1 occurs is one of the 
long-standing problems in biology. During ageing, almost all aspects 
of physiology and morphology undergo steady modifications. It is 
therefore likely that ageing is a multifactorial process and the 
summed effect of several factors, some of them more important than 
others. Because of this complexity, it is impossible to study the 
ageing process in its whole. Instead, possible causes are studied 
separately, using different methodologies and model systems. This 
results in several ageing theories which can be seen as working 
hypotheses (Rossi et al., 2008; Semsei, 2000). Some of the best 
known theories are presented in box 1. By further confirming and 
integrating the several theories, a more profound knowledge on the 
process of ageing can be obtained. This project is no exception to the 
described way of working and we will focus on a specific possible 
cause of ageing which has received increased attention during the last 
years: a decreased stem cell functionality and homeostasis. 
                                                     
1
 In this thesis, the words senescence and ageing are used interchangeable. 
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Box 1: theories of ageing 
____________________________________________________ 
Mutation accumulation theory 
Because the force of selection declines with age, late-acting deleterious 
mutations can accumulate in a population over evolutionary time. These 
mutations will contribute to ageing.  
Antagonistic pleiotropy theory 
Mutations that have beneficial effects at young ages, but deleterious 
effects at late ages will be favored by selection. These mutations will 
accumulate in a population over evolutionary time and contribute to 
ageing. 
Disposable soma theory 
Organisms face resource allocation trade-offs between energy invested 
into reproduction versus somatic maintenance, repair and survival. 
Selection favors alleles that increase investment into reproduction at the 
expense of the energy required to support maintenance and survival. 
Because of the imperfect maintenance and repair, somatic damage will 
accumulate and result in senescence and death.  
Free radical theory 
Free radicals damage macromolecules and consequently impair their 
function. The gradual accumulation of such damaged molecules will 
result in the loss of cellular and systemic function and thus ageing. The 
major sources of free radicals are the reactive oxygen species (ROS) 
which are formed in the mitochondria as by-products of the oxidative 
metabolism. 
References: 
See references in: Flatt and Schmidt, 2009; Hughes and Reynolds, 2005 
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1.2 Decreased stem cell functionality and 
homeostasis as causes of ageing 
During the last years, a disrupted homeostasis/regeneration and a 
reduction in stem cell number and/or functionality are repeatedly 
stated as key factors in the ageing process (Beltrami et al., 2011; Ho 
et al., 2005; Rossi et al., 2008; Sharpless and DePinho, 2007; 
Sharpless and Schatten, 2009). 
Almost every mammalian tissue studied has shown age-related 
decrements in the rate and/or efficacy of homeostasis and 
regeneration, which can thus be considered a hallmark of ageing (Ho 
et al., 2005; Rando, 2006). When the homeostatic control diminishes 
to the point at which tissue/organ integrity and function are no longer 
sufficiently maintained, physiological decline will ensue and ageing is 
manifested (Beltrami et al., 2011). Consistent with this, defects in cell 
turnover underlie many adult-onset degenerative diseases and cancer 
(Pellettieri and Alvarado, 2007; Rossi et al., 2008). 
The disrupted cellular turnover during homeostasis and regeneration 
has been related to the stem cells. They are defined as 
undifferentiated cells which have the capacity to both self-renew, 
giving rise to daughter stem cells, and generate differentiated progeny 
(Morrison et al., 1997; Raff, 2003). Stem cells serve as a reservoir for 
tissue renewal and repair, restoring differentiated cells that are 
eliminated by cell death or injury (Beltrami et al., 2011; Pellettieri 
and Alvarado, 2007; Raff, 2003). A decline in their number and 
functionality will thus indeed cause a disrupted cell turnover. Studies 
have shown that stem cell ageing can be caused by intrinsic events, 
such as DNA damage or telomere attrition, and extrinsic forces (Rossi 
et al., 2008; Sharpless and DePinho, 2007). However, little is known 
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about the effect of time on the adult stem cells, and the impact of stem 
cell ageing on the ageing process of the organism as a whole is still 
discussed. This is mainly caused by the lack of adequate model 
organisms for the in vivo research of stem cells during homeostasis 
and ageing (Austad, 2009).  
1.3 The need for new model systems 
Today’s prevalent multicellular model organisms for ageing research 
are rodents and the invertebrates Caenorhabditis elegans and 
Drosophila melanogaster. These models have been, and will continue 
to be, major sources of insight into ageing biology. However, they 
have certain limitations for in vivo research of age-related stem cell 
biology and cell turnover. The invertebrate models D. melanogaster 
and C. elegans have respectively limited and no somatic cell divisions 
in adulthood and have virtually no regenerative potential (Alvarado et 
al., 2002; Austad, 2009; Pellettieri and Alvarado, 2007). Though 
vertebrate models do show more extensive cell turnover, the 
complexity of the tissue-restricted adult somatic stem cell populations 
and their relative inaccessibility for experimental manipulation 
impede in vivo research (Alvarado et al., 2002; Austad, 2009; 
Pellettieri and Alvarado, 2007; Sharpless and DePinho, 2007; 
Sharpless and Schatten, 2009). In conclusion, additional models with 
accessible proliferating stem cells in the adult as well as extensive 
regenerative potential might be informative for learning how to 
manage the perils of lifelong cell division (Austad, 2009; Sharpless 
and Schatten, 2009). 
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1.4 Flatworms as potential new ageing models 
1.4.1 Platyhelminthes 
Flatworms (Platyhelminthes) are bilateral symmetric animals with an 
anterior concentration of neural tissue (cephalisation) and three germ 
layers (ectoderm, mesoderm, and endoderm). They are acoelomatic as 
only mesenchymal cells separate the epidermis from the gut (Rieger 
et al., 1991). Flatworms belong to the bilaterian taxon 
Lophotrochozoa, which is a sister group of the Ecdysozoa, containing 
e.g. arthropods and nematodes. Together the Lophotrochozoa and 
Ecdysozoa are sister to the Deuterostomia, which include the 
vertebrates (Fig. 1) (Dunn et al., 2008). 
Flatworms, specifically triclads, are best known for their great powers 
of regeneration, which has been studied in these animals for over 100 
years (Morgan, 1898; Newmark and Alvarado, 2002; Reddien and 
Alvarado, 2004; Saló, 2006). Because of the successful application of 
molecular, cellular and genomic approaches during the last 10 years, 
the potential for studying not only regeneration in flatworms, but also 
stem cell biology and tissue homeostasis has been increasingly 
recognized. Nowadays, a handful of species have been adopted for 
laboratory studies, such as Macrostomum lignano (Macrostomorpha), 
Schmidtea mediterranea, Schmidtea polychroa, Dugesia japonica, 
and Girardia tigrina (all four belonging to the Tricladida) (Ladurner 
et al., 2008; Newmark and Alvarado, 2002; Oviedo et al., 2008; Saló, 
2006). 
Besides the use of flatworms for studying regeneration, stem cell 
biology and tissue homeostasis, it is challenging to test the potential 
of these animals for ageing research because of their interesting 
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cellular characteristics such as the presence of a totipotent stem cell 
population, intense cell renewal and large morphological plasticity 
(Austad, 2009; Oviedo et al., 2008). Therefore, flatworm species 
cultured in the lab and their experimental toolbox can be co-opted, 
which facilitates testing their potential for ageing research and 
developing flatworm ageing models. 
Figure 1 (Adapted from Dunn et al., 2008).  
Phylogenetic tree showing the position of the flatworms within the 
animal kingdom. The photographs show an example of Schmidtea 
mediterranea (left) and Macrostomum lignano (right). 
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1.4.2 The totipotent neoblasts are the only dividing cells in the 
adult body 
Neoblasts can be considered the flatworm stem cells because they 
fulfil the stem cell definition of being undifferentiated cells which are 
able to self-renew and form differentiated progeny (Baguñà et al., 
1989a; Baguñà and Slack, 1981; Dubois, 1949; Ladurner et al., 2000; 
Newmark and Alvarado, 2002; Rieger et al., 1999; Wolff and Dubois, 
1949). Neoblasts are small cells (approximately 5-10 µm in diameter) 
that have a high nuclear to cytoplasmic ratio, lack the distinguishing 
features of differentiated cell types, and are situated in the 
parenchyma (mesenchym in flatworms) (Baguñà et al., 1989b; 
Pellettieri and Alvarado, 2007; Rieger et al., 1999). Remarkably, they 
are the only proliferating cells in adults and are thus responsible for 
regeneration and tissue homeostasis of the whole body. During these 
two processes, all flatworm cell types, including the germline in 
sexual species, can be formed and the neoblast population is thus 
totipotent (Baguñà, 1976; Ladurner et al., 2000; Newmark and 
Alvarado, 2000; Peter et al., 2003). The key experimental 
demonstration of the neoblast’s totipotent stem cell character came 
from the experiments of Baguñà et al. (1989c). These authors used 
serial filtration to prepare cell fractions that were highly enriched in 
neoblasts and introduced these neoblast fractions into irradiated hosts. 
X-irradiation of flatworms results in a loss of the proliferative cells, 
an inability to regenerate, and death of the organism in several weeks 
(Bardeen and Baetjer, 1904; De Mulder et al., 2010). However, 
introduction of the neoblast fractions restored both regenerative 
abilities and long-term viability of the hosts. Moreover, by using 
sexual and asexual strains of Schmidtea mediterranea, Baguñà and 
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co-workers showed that neoblasts from sexual strains, when 
introduced into an irradiated asexual strain, could form functional 
gonads and copulatory apparatus in previously asexual organisms 
(Baguñà et al., 1989d; Newmark and Alvarado, 2002). However, it is 
not yet known whether all neoblasts are totipotent or whether they 
constitute a heterogeneous cell population of more restricted 
subpopulations instead (Bode et al., 2006; Eisenhoffer et al., 2008; 
Pellettieri and Alvarado, 2007). 
1.4.3 Flatworms have an intense cell renewal during adult life 
Many fully developed metazoan tissues remain in a state of flux 
throughout life. During tissue homeostasis, older and damaged 
differentiated cells are eliminated by apoptosis and replaced by the 
division progeny of adult stem cells. However, the rate of cell 
turnover varies widely from one tissue to the next (Pellettieri and 
Alvarado, 2007; Rando, 2006; Rossi et al., 2008).  
Cell renewal through apoptosis, and stem cell division and 
differentiation is also demonstrated in flatworms (Nimeth et al., 2002; 
Pellettieri and Alvarado, 2007; Pellettieri et al., 2010). Flatworms 
exhibit a very high rate of somatic cell renewal as part of their normal 
tissue homeostasis. In Macrostomum lignano, it is suggested that 
approximately one third of all cells (including e.g. gut cells, muscle 
cells, and epidermal cells) are renewed in two weeks time (Ladurner 
et al., 2000; Nimeth et al., 2002; Pellettieri and Alvarado, 2007). This 
high rate of cell renewal may keep several tissues young and possibly 
influences the ageing process. 
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1.4.4 Flatworms have an amazing morphological plasticity during 
their adult life 
Flatworms have a large morphological plasticity which can be 
observed during regeneration, controlled growth and degrowth 
depending on food availability, and fission (asexual reproduction). 
All these processes are made possible by the neoblast proliferation 
(Saló, 2006). 
1.4.4.1 Regeneration 
Examples of regeneration have been documented throughout the 
animal kingdom, although there is considerable variation in 
regenerative capacity from one species to the next (Alvarado, 2000). 
Free-living flatworms are famous for their huge regeneration ability. 
Morgan (1898) demonstrated that triclads can regenerate a complete 
body from a fragment as little as 1/297th of the original animal. 
However, within the free-living flatworms, there is a large variability 
of regeneration capacity. While some taxa, such as the triclads, can 
regenerate all organs, others can not regenerate at all. Most taxa lie in 
between these extremes and often lack the ability to regenerate the 
brain and pharynx (Egger et al., 2007). 
The regeneration process itself includes two major processes: the 
generation of new tissue at the wound site (blastema formation) and 
the remodelling of pre-existing tissues to restore symmetry and 
proportion. Fast formation of new tissue is made possible by an 
increased proliferation of the neoblasts. The addition of new tissue is 
complemented by cell removal through apoptosis, which is very 
important for the remodelling of pre-existing tissues (Egger et al., 
2006; Nimeth et al., 2007; Pellettieri et al., 2010; Reddien and 
Alvarado, 2004; Wenemoser and Reddien, 2010). The large 
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regeneration capacity is interesting from an ageing perspective as this 
strong form of repair can enhance the maintenance of the soma. 
Regeneration is even suggested to cause rejuvenation in flatworms 
(see 1.6). 
1.4.4.2 Growth and degrowth 
In contrast to the classic model organisms which have a rather 
constant adult body size, flatworms continuously undergo body 
remodelling to adapt to environmental conditions. Remarkably, 
flatworms degrow during prolonged starvation instead of becoming 
malnourished. During this degrowth, first their food reserves are used 
up, and subsequently the gonads and copulatory organs disintegrate. 
Furthermore, they shrink from an adult size to, and sometimes even 
beyond, the initial size at hatching (González-Estévez and Saló, 2010; 
Pellettieri et al., 2010; Saló, 2006). This shrinkage is caused by a 
reduction in cell number, rather than a reduction in cell size (Baguñà 
and Romero, 1981; Oviedo et al., 2003). While the overall size 
decreases during degrowth, the anatomical proportion is preserved 
and the normal function of the whole organs is maintained, except of 
the reproductive system. Upon re-feeding, the animals grow again 
until they reach their maximum size and their reproductive structures 
reappear (De Mulder et al., 2009; González-Estévez and Saló, 2010; 
Nimeth et al., 2004; Oviedo et al., 2003; Pfister et al., 2008; Saló, 
2006). As degrowing animals obtain a morphology resembling 
juveniles and can afterwards regrow again when fed, it is often 
suggested that starvation causes rejuvenation (see1.6). 
1.4.4.3 Fission 
Free-living flatworms reproduce either exclusively sexual, 
exclusively asexual or are able to alternate between the two 
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reproductive modes depending on the season (Reuter and 
Kreshchenko, 2004). Although asexual reproduction is rare in most 
higher phyla, it frequently occurs in the phyla Porifera, Rotifera, 
Cnidaria, Nemertea, Annelida, Echinodermata, Acoela and 
Platyhelminthes (Egger et al., 2007; Reuter and Kreshchenko, 2004). 
In flatworms, asexual reproduction happens through transverse 
fission, which can be further subdivided into paratomy and architomy. 
Paratomy is characterised by fission of the worm after the formation 
of new organs, while fission occurs before the formation of new 
organs during architomy (Reuter and Kreshchenko, 2004). 
Because all asexual flatworms used during this PhD are characterized 
by architomy, we will here focus on this type. During fission, the tail 
of the worm adheres to the substrate while the anterior part pulls 
away. The worm will stretch itself until the fission event occurs in the 
posterior two-thirds of the animal. This generates a larger anterior 
fragment and a smaller posterior fragment. Both fission products will 
regenerate the missing tissue and consequently two individuals are 
formed, which will grow and divide again (Newmark and Alvarado, 
2002; Reuter and Kreshchenko, 2004).  
Asexually reproducing flatworms are often claimed to be immortal 
(Austad, 2009; Haranghy and Balázs, 1964; Lange, 1968; Newmark 
and Alvarado, 2002; Saló, 2006). However, detailed studies of the 
separate segments have not yet been performed and it is unclear if 
both fission fragments are identical with respect to this immortality 
(Austad, 2009; Newmark and Alvarado, 2002). An even more 
fundamental problem is the lack of knowledge about the relationship 
between the two fission fragments and the worm that fissioned. It is 
still not clear if none, one or both of the fission products are new 
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individuals and how lifespan should be defined (Haranghy and 
Balázs, 1964; Lange, 1968; Sonneborn, 1930). 
1.5 Current knowledge of flatworm ageing 
The scarce amount of flatworm ageing literature was mainly 
published between 1900 and 1970. Much of it was discussed in 
Haranghy and Balázs (1964) and Lange (1968). Interpreting these 
data is often difficult because culture conditions, such as temperature 
and diet which can affect ageing, are often not defined. Furthermore, 
mortality tables are lacking for any of the used species. Despite these 
shortcomings, several reports of old age and maximum lifespan were 
made. These vary, but indicate that triclads can live several years as 
‘old worms’ of 2, 3 and 4 years are mentioned (Haranghy and Balázs, 
1964; Lange, 1968). 
One of the aims of flatworm ageing research was the search for age-
dependent changes in order to elucidate if flatworms age or not. 
These age-related changes can be used as biomarkers of ageing, 
thereby allowing distinction between old and young worms and to 
study if regeneration and starvation can cause rejuvenation. Here, we 
will summarize the most important findings. 
1.5.1 Age-related changes in flatworms 
Several authors report age-dependent morphological changes. The 
development of supernumerary eyes is typical with advancing age. 
However, it can however be questioned if this truly reflects age as 
some supernumery eyes can already be present in embryos (Balázs, 
1970; Haranghy and Balázs, 1964; Lange, 1968). Epithelial distension 
and ulceration which frequently lead to disintegration of a part or the 
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whole animal is also observed. Because the development of these 
phenomena happens rather rapidly and results in death or 
regeneration, their usefulness as biomarkers of ageing is limited 
(Abeloos, 1930; Balázs and Burg, 1962a; Lange, 1968). 
 
Some species are characterised by an age-dependent decline in sexual 
reproductive abilities. This is caused by a decline in cocoon 
production and a decreasing fertility of the cocoons. Age-dependent 
reproductive rates may thus be a useful biomarker of ageing. As 
fertility is shown to be also temperature dependent, it is however 
important to avoid fluctuating culture temperatures (Abeloos, 1930; 
Balázs and Burg, 1962a; Balázs and Burg, 1962b; Haranghy and 
Balázs, 1964; Reynoldson et al., 1965; Voigt, 1928). 
 
Metabolic rate was studied by Child (1915) and Hyman (1919a). 
These authors concluded that the metabolic rate decreases with 
advancing age and size in planarians. However, they only studied 
metabolic changes during development and early adulthood. Nothing 
is yet known about the age-dependent metabolic rate of adults.      
 
Conclusions about the age-dependent regeneration capacity are 
contradictory. Young, juvenile animals are generally considered to 
have a larger regeneration capacity than mature animals because they 
have a higher rate of blastema growth and differentiation than adults. 
However, comparison of mature (between six and 12 months old) and 
old (between 2 and 3 years old) worms led to contradictory 
conclusions (Haranghy and Balázs, 1964; Lange, 1968; Lindh, 1957a; 
Lindh, 1957b). 
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Lange (1967) studied the number of neoblasts as a function of size 
during development and early adulthood in Dugesia lugubris. He 
concluded that the tissue density of neoblasts decreases as the animals 
grow larger and older and suggested that this may play an important 
role during ageing (Lange, 1967; Lange, 1968). However, data on 
neoblast densities at old age are lacking. Moreover, in the context of 
tissue homeostasis and ageing, the functionality of the neoblasts is 
more important than their absolute number. Data about the age-
dependent proliferation rate of neoblasts is not yet available. 
1.5.2 Hypothesis of flatworm ageing 
Abeloos (1930) stated that in triclads the stem cells are able to control 
ageing through tissue renewal and regeneration. However, once 
growth has ceased, normal tissue renewal is insufficient to assure the 
permanent equilibrium between young and old cells of the somatic 
tissues, resulting in ageing. Lange (1968) furthermore argued that the 
critical factor for the origin of flatworm ageing is the declining tissue 
density of the neoblasts. According to the author, this decline leads to 
the insufficient replacement of aged cells, which on its turn may 
result in an improper differentiation control (Balázs, 1970; Calow, 
1977; Lange, 1968).  
These hypotheses of flatworm ageing were, however, mainly based 
on developmental changes during maturation and not the ageing 
process itself. Consequently, they still have to be experimentally 
confirmed. 
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1.6 Flatworm rejuvenation: reversing the ageing 
process 
Flatworms are often claimed to rejuvenate during fission, 
regeneration and starvation (Calow, 1977; Egger et al., 2006; 
Haranghy and Balázs, 1964; Lange, 1968; Newmark and Alvarado, 
2002; Saló, 2006). By using new and existing biomarkers of ageing, 
rejuvenation can be studied as it should result in a reversal of the age-
related changes.  
The hypothesis of rejuvenation was first suggested by Child (1911, 
1915), who showed that fission causes an increase in metabolic rate. 
Moreover, experimentally induced regeneration and starvation 
seemed to have the same effect in not only asexual, but also sexual 
reproducing triclads. He concluded that a reorganisation due to 
whatever cause is a rejuvenating transformation, restoring the 
organisms to a physiological condition resembling that of the 
juveniles. Moreover, the smaller the body fragment remaining after 
reorganisation, the greater the rejuvenation effect. These results were 
confirmed by Hyman (Child, 1911; Child, 1915; Haranghy and 
Balázs, 1964; Hyman, 1919a; Hyman, 1919b; Hyman, 1919c). 
According to the flatworm ageing hypotheses, rejuvenation due to 
reorganisation was explained by the temporary reduction of tissue 
volume resulting in an increased neoblast density and thus cell 
renewal. Moreover, the following regrowth and formation of new 
tissue ‘dilutes’ the old tissue out, resulting in a younger worm 
(Calow, 1977; Lange, 1968).  
Rejuvenation during fission seems plausible as a new young 
individual can only be formed out of a body fragment of the parental 
animal through a rejuvenation phase. Furthermore, clonal lines can be 
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maintained for many years (e.g. 15 years for Phagocata vitta) and are 
often considered immortal (Brøndsted, 1969; Haranghy and Balázs, 
1964; Lange, 1968; Newmark and Alvarado, 2002; Saló, 2006). 
Additional observations of a lifespan-extension caused by 
regeneration and starvation in both asexual and sexual species further 
strengthened the rejuvenation hypothesis (Egger, 2008; Egger et al., 
2006; Haranghy and Balázs, 1964).  
However, lifespan-extension can also be accomplished, merely by 
slowing down the ageing process and therefore does not necessarily 
include rejuvenation, which is a reversal of ageing (Hass, 2009). 
Moreover, the methods for measuring metabolic rate which were used 
by Child and Hyman were later on criticised, and experiments using 
different techniques led to contradictory results (Allen, 1919; 
Brøndsted, 1969; Pedersen, 1956). Thus, experimental data that 
unambiguously prove reversal of the ageing process in flatworms are 
still unavailable.     
1.7 Choosing flatworm species as potential models 
To study flatworm ageing and rejuvenation and develop a flatworm 
ageing model, the used species should fulfil two basic criteria. First, it 
is important that they can be easily cultured in the laboratory and that 
standardised ageing cultures can be maintained. Second, it should be 
easy to manipulate them experimentally so that the specific scientific 
questions of interest can be addressed. Because we wanted to study 
several specific questions, we used three species, each having their 
own strengths (Fig. 2). 
 30
1.7.1 Schmidtea mediterranea 
Schmidtea mediterranea is most likely the best known flatworm 
model nowadays, and is used for studying regeneration, stem cell 
biology and recently tissue homeostasis. It is a triclad species with 
both a sexual and an asexual strain reproducing through fission 
(Alvarado and Kang, 2005; Newmark and Alvarado, 2002; Oviedo et 
al., 2008; Pellettieri and Alvarado, 2007; Reddien and Alvarado, 
2004; Saló, 2006).  
Here, we used the asexual strain to study the relationship between the 
two fission products and the “parental” individual. This allowed us to 
analyse if fission results in one or two new young individuals and 
gave insight in ageing and rejuvenation in fissiparous species.  
1.7.2 Schmidtea polychroa 
 Schmidtea polychroa is a triclad species with sexual and 
parthenogenetic biotypes, both laying cocoons. This species is mainly 
used to study reproductive strategies and the evolutionary importance 
of sexual reproduction (Pongratz et al., 2003). We used this species to 
perform a longitudinal experiment for studying the metabolic rate as a 
function of age because it has two main advantages: a large size and 
robustness in laboratory cultures. Sufficient biomass is needed to 
perform metabolic measurements. The robustness of this species in 
laboratory conditions enables to maintain ageing cultures for several 
years and perform a longitudinal study. The metabolic experiments 
will allow us to conclude if there is metabolic ageing and if metabolic 
rate is a useful biomarker to study rejuvenation.  
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1.7.3 Macrostomum lignano 
Macrostomum lignano (Macrostomorpha) is a rather new, but quickly 
emerging flatworm model which is used for studying regeneration, 
stem cell biology, cell renewal and sex allocation (Egger et al., 2009; 
Ladurner et al., 2008; Ladurner et al., 2000; Ladurner et al., 2005; 
Nimeth et al., 2002; Schärer and Ladurner, 2003). It has an 
exclusively sexual reproduction, and mass cultures can easily be 
maintained. In comparison to triclads, this species has some 
additional advantages for studying the neoblasts and cell renewal 
during ageing and rejuvenation. M. lignano has a transparent body 
which facilitates studying the anatomy of somatic maintenance during 
ageing. Its limited number of cells, which can be easily labelled 
through soaking in thymidine analogues and/or antibodies, allows 
labelling of proliferating neoblasts and the quantification of the 
labelled cells in both specific regions as well as in the whole body. 
Moreover, preliminary data revealed that M. lignano has a relative 


















Figure 2.  
The three species used in this project.  
(A) Macrostomum lignano, (B) the asexual strain of 
Schmidtea mediterranea (note the regenerating tail), 
(C) Schmidtea polychroa. 
Scalebars: 100 µm (A), 1 mm (B, C) 
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1.8 Aims of the study 
The general goal of this project is developing flatworm models for 
ageing and rejuvenation research. In order to accomplish this, we set 
two specific aims: characterising the flatworm ageing process, and 
studying the rejuvenation capacity of flatworms.   
 
Characterising the flatworm ageing process is done by studying 
several aspects of flatworm biology as a function of age (e.g. survival, 
reproductive rate, metabolism, neoblast proliferation, etc.). This 
approach leads to a better understanding of flatworm ageing and an 
increased insight into the role of the neoblasts in it. Moreover, it 
allows developing useful ageing-biomarkers for the three used 
flatworm species: Macrostomum lignano, Schmidtea polychroa, and 
the asexual strain of Schmidtea mediterranea. (Chapters 2 – 7)    
 
To study the rejuvenation capacity of flatworms, we analysed the 
effect of fission and regeneration on the ageing-biomarkers developed 
during this PhD. Theoretically, rejuvenation should induce a reversal 
of the age-dependent change of the biomarker An important sub-aim 
was to define the lifespan of individuals reproducing by fission and 
understanding which of the two fission fragments (anterior and/or 
posterior) are new, young individuals. This knowledge is a 





This thesis is divided into 10 chapters. 
The first chapter is a general introduction, illustrating the bigger 
context in which this thesis is situated. It also includes the aims and 
outline of the thesis. 
Chapter two till six contain the results obtained during this PhD 
project and they all have the format of a manuscript in an A1-journal. 
Chapter one till three present data obtained by using the model 
Macrostomum lignano and were chronologically written during the 
PhD. Chapter five and six present the metabolic experiments 
performed on the used triclad species.  
- Chapter 2, The free-living flatworm Macrostomum 
lignano: a new model organism for ageing research, is 
an invited review by the journal Experimental 
Gerontology and introduces Macrostomum lignano as an 
emerging ageing model.  
- Chapter 3, Demographic analysis reveals gradual 
senescence in the flatworm Macrostomum lignano, 
presents the detailed survival analysis of M. lignano. 
- Chapter 4, Back to the future: ageing and rejuvenation 
in Macrostomum lignano, describes the development of 
ageing biomarkers and their use for demonstrating 
rejuvenation in M. lignano. 
- Chapter 5, Lack of metabolic ageing in the long-lived 
flatworm Schmidtea polychroa, describes the metabolic 
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rate as a function of age, which was obtained during a 3-
year longitudinal study using the species Schmidtea 
polychroa.  
- Chapter 6, Only posterior fission products are 
offspring in asexual Schmidtea mediterranea, defines 
the individual and its lifepan of the asexual strain of 
Schmidtea mediterranea which reproduces by fission. 
The seventh chapter is the general discussion which integrates all the 
data of chapter two till six.  
The eighth chapter contains an English and Dutch summary of this 
thesis. 
The ninth chapter presents the publication list. 
The tenth chapter is an appendix containing the extended abstract of 
the XI International Symposium on flatworm biology, which was 
published as an A1 article and summarises the data of Chapter 2 and 
3. 
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Abstract 
To study the several elements and causes of ageing, diverse model 
organisms and methodologies are required. The most frequently used 
models are Saccharomyces cerevisiae, Caenorhabditis elegans, 
Drosophila melanogaster and rodents. All have their advantages and 
disadvantages and allow studying particular aspects of the ageing 
process. During the last few years, several ageing studies focussed on 
stem cells and their role in tissue homeostasis. Here we present a new 
model organism which can study this relation where other model 
systems fail. The flatworm Macrostomum lignano possesses a 
dynamic population of likely totipotent somatic stem cells known as 
neoblasts. Several characteristics qualify M. lignano as a suitable 
model system for ageing studies in general and more specifically for 
gaining more insight in the causal relation between stem cells, ageing 
and rejuvenation. In this review, we will briefly describe the species 
and its life history, and discuss the role of its stem cells in ageing and 
rejuvenation. We also give an overview of the available experimental 
tools that allow a multidisciplinary approach for studying ageing in 
M. lignano.  
Keywords: Ageing, Flatworm, Macrostomum lignano, Rejuvenation, 
Stem cells 
Introduction  
Ageing is a complex process that affects a wide variety of functions 
(Arking, 1998). This complexity is shown by the countless ageing 
theories that have been published, most of which are monistic in 
nature and focus on one particular element (Semsei, 2000). Studying 
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the different elements and causes of ageing requires diverse 
methodologies and model organisms, such as Saccharomyces 
cerevisiae, Caenorhabditis elegans, Drosophila melanogaster and 
rodents. All of these models have their characteristic strengths and 
weaknesses (Fig. 1).  
During the last few years, several ageing studies have focussed on 
stem cells and their role in tissue homeostasis (Rando, 2006; Rossi et 
al., 2008; Sharpless and DePinho, 2007). These studies have shown 
that ageing is invariably accompanied by a diminished capacity to 
adequately maintain tissue homeostasis or to repair tissues after 
injury. Furthermore, the ageing of tissue-specific stem cells and 
progenitor cell compartments is believed to play a pivotal role in the 
decline of tissue and organ integrity and function in the elderly (Rossi 
et al., 2008). However, studying the reciprocal influence between 
stem cells and the ageing process, especially in vivo, is difficult in the 
current model organisms. This is partly due to the following 
problems: the adult soma of C. elegans and D. melanogaster are 
either completely or largely post-mitotic, and the complexity and 
relative inaccessibility of the vertebrate stem cell population restricts 
in vivo analysis of stem cell functionality (Sánchez Alvarado et al., 
2002; Sharpless and DePinho, 2007).  
These limitations are not present in flatworms, which possess a 
dynamic population of likely totipotent somatic stem cells known as 
neoblasts (Dubois, 1948; Stephan-Dubois and Gilgenkrantz, 1961; 
Lange and Gilbert, 1968; Lange, 1968a; Baguñà, 1981). In the past, 
several researchers already used flatworms to gain more insight into 
the causal relation between neoblasts, ageing and rejuvenation (see 
references in Haranghy and Balázs, 1964; Lange, 1968a). While most 
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of these studies used triclad species, we introduce Macrostomum 
lignano (Macrostomorpha) as a new model. We focus on this species 
because it has several advantages in comparison to triclads, making it 
possible to expand and improve the flatworm ageing research. These 
advantages are discussed below in the appropriate sections.  
In the past, M. lignano has already been put forward as a model 
organism for stem cell biology, development, regeneration, and the 
study of sexual selection (Ladurner et al., 2005a, 2008). In this 
review, we will briefly describe the species and its life history, and 
discuss the role of its stem cells in ageing and rejuvenation. We will 
also give an overview of the available experimental tools that allow a 
multidisciplinary approach for studying ageing in  
M. lignano.  
Macrostomum lignano: description  
Macrostomum lignano (Macrostomorpha, Rhabditophora) is a 
marine, free-living flatworm that can be found in the high-tide 
interstitial sand fauna on beaches of, for example, the Northern 
Adriatic Sea (Ladurner et al., 2000, 2005a). In the laboratory, it can 
be easily cultured and allows stocking in high densities due to its 
small size. M. lignano is cultured individually, in pairs or in groups in 
Petri dishes or multiwell plates in f/2, a nutrient-enriched artificial 
seawater medium at a salinity of 32‰ (Guillard and Ryther, 1962). 
The dishes are incubated at 20°C, with a 60% relative humidity and a 
14:10 h or 13:11 h light:dark cycle. Animals are fed with the diatom 
Nitzschia curvilineata that can be obtained from culture collections 
(Ladurner et al., 2008). The diatoms are grown under the same 
conditions as the worms and, if necessary for an experiment with 
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controlled feeding, they can be easily quantified (Vizoso and Schärer, 
2007).  
Macrostomum lignano is a small animal of about 1–1.5 mm length 
consisting of roughly 25,000 cells (Ladurner et al., 2000). Although 
individuals may appear brownish because of the gut content, they are 
highly transparent in squeeze preparations, allowing easy observation 
of all major tissues and organ systems (Fig. 2A) (Ladurner et al., 
2008). The several organ systems are described in detail in Ladurner 
et al., (2005a), and here we focus only on the stem cell system.  
The neoblasts are located in two bands along the lateral sides of the 
animal, merging in the tail plate (Fig. 2B). Somatic neoblasts are also 
present along the post-pharyngeal commissure and a few, most likely 
gastrodermal neoblasts, can be found scattered along the midline of 
the body. Neoblasts are entirely absent in the rostrum which is the 
region anterior to the eyes. The neoblasts are located within the 
parenchyma and are the only dividing cells in the adult (see Ref. in 
Ladurner et al., 2008). They can differentiate into all cell types, 
including germ cells, and maintain their own population (Ladurner et 
al., 2000). Therefore, neoblasts play a key role during reproduction, 
development, tissue turnover and regeneration. In an adult animal 
there are about 1600 neoblasts, which is 6.5% of the total cell number 
(Bode et al., 2006). The average number of somatic S-phase neoblasts 
is 435 ±79 (Ladurner et al., 2000), which is 27% of the total somatic 
neoblast population (Bode et al., 2006), and only a small fraction of 
about 20–40 neoblasts are in mitosis (Ladurner et al., 2008). The 
several techniques to study the neoblasts are discussed in the section 
5.  
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During the last years, M. lignano has clearly entered the era of 
functional genomics. More than 15,000 expressed sequence tags 
(ESTs) have been generated (Morris et al., 2006; Ladurner 
unpublished; Pfister pers. com.), in which a number of candidate 
genes known to be involved in ageing processes in other organisms 
were found (Table 1). This opens possibilities to study these ageing 
genes in M. lignano. There are ongoing efforts to increase the number 
of ESTs, to perform large-scale whole mount in situ hybridization 
studies (Pfister et al., 2007) and systematic mutagenesis screens.  
Life history  
M. lignano is a hermaphrodite with a five-day embryonic 
development and a generation time of about 18 days (see references 
in Ladurner et al., 2008). Mature worms generally lay one egg per 
day, allowing fine-graded culturing which is essential for survival 
studies and experiments.  
The fecundity and fertility pattern during adult lifespan are important 
parameters for ageing studies (Terzibasi et al., 2007). Preliminary 
data in M. lignano suggest that fertility declines with advancing age, 
although a post-reproductive period has not yet been observed: 40-
week-old individuals are still able to produce eggs, but the number of 
offspring is lower in comparison to young adults.  
M. lignano has a median lifespan of 205 ± 13 days (29.6 weeks) and a 
90th percentile (90% mortality) of 373 ± 32 days (53.3 weeks), 
determined from three replicate cultures each of 100 individuals. M. 
lignano is the first flatworm species in which the complete survival 
curve has been established and a basic set of demographic data is 
analysed. In the existing flatworm ageing literature, only the 
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maximum lifespan of the studied species, often triclads with a 
maximum lifespan of several years, is reported (Haranghy and Balázs, 
1964; Lange 1968a). The availability of a basic set of demographic 
data is, however, a prerequisite for ageing research and this is now 
obtained for M. lignano. Furthermore, the culture conditions of M. 
lignano are very standardised, making it possible to distinguish 
between physiological and pathological ageing, which was in the past 
often difficult in the used triclad species (Haranghy and Balázs, 
1964).  
Chronological and replicative ageing  
It is known that post-mitotic cells experience chronological ageing, 
whereas proliferative cells experience both chronological and 
replicative ageing (Rando, 2006). Like all flatworms, M. lignano 
consists of both differentiated post-mitotic cells and totipotent 
proliferating neoblasts. Replicative ageing and the limit of the 
replicative potential of neoblasts, however, have not yet been studied 
in M. lignano and other flatworms.  
During tissue homeostasis, the neoblasts produce daughter cells that 
differentiate and replace aged and injured post-mitotic cells. Because 
different tissues have a different cellular turnover, the extent of cell 
renewal of the different tissues will vary. However, the turnover rates 
of the different tissues affect the proliferation rate of the neoblasts 
only as a total demand for new cells from the neoblast pool because 
the neoblasts pool is likely totipotent.  
Already in 1930, Abeloos hypothesized that the main cause of ageing 
in flatworms is the insufficiency of tissue renewal to assure the 
permanent equilibrium between young and old cells in the somatic 
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post-mitotic tissues. Our morphological ageing data support this 
hypothesis. With advancing age, the transparent body changes to an 
opaque grey, but inner organs can still be observed under a 
microscope. Body deformities appear such as small bulges in the 
epidermis, the presence of grooves in the head region, and liquid-
filled cysts that tend to be present in all body regions (Fig. 3). 
Furthermore, it is several times observed that individuals shrink 
during their last months of life, i.e. they decrease in size and lose their 
gonads (Fig. 3B). These observations suggest that there is indeed an 
overall decline in tissue maintenance potential with advancing age.  
Tissue homeostasis can be studied by using continuous 5-bromo-2´-
deoxyuridine (BrdU) exposure. By using this technique, Nimeth et al., 
(2002) demonstrated that about one-third of all epidermal cells are 
replaced every 2 weeks in adults of M. lignano. Further studies in 
which epidermal replacement is used as a parameter for measuring 
tissue homeostasis over the complete lifespan are underway.  
Experimental toolbox  
Stem cell function is regulated by both intrinsic (cell autonomous) 
and extrinsic factors (for example surrounding tissue, stem cell niche 
and environment) during ageing. Moreover, these factors also interact 
with each other (Rando, 2006). Therefore, a large-scale 
multidisciplinary approach at all the levels of organisation, from 
molecules and genes to tissues, organs and ultimately the whole 
organism is necessary. The essential experimental toolbox for this 
kind of research is available in M. lignano and will be discussed in 
this section.  
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M. lignano has a well characterised and easily-stainable stem cell 
system (Bode et al., 2006; Egger et al., 2006; Ladurner et al., 2000; 
Nimeth et al., 2004). The morphology of the neoblasts has been 
described in detail by means of light and electron microscopy (see 
references in Ladurner et al., 2008). S-phase neoblasts can be single 
or double stained with the thymidine analogs BrdU, IdU and CldU. 
Dividing cells can be labelled with the anti-phospho-histone H3 
mitosis marker and double labelling with both this marker and a 
thymidine analog can be performed (Ladurner et al., 2008). These 
markers make studying the distribution, migration and differentiation 
of the neoblasts possible by performing pulse, pulse-chase and 
continuous labelling experiments. Moreover, the number of neoblasts 
can be easily quantified by using the 3D counting method presented 
by Schärer et al., (2004). The fact that this can be done at any given 
time point is a major advantage to assess the relation between age and 
neoblasts. Such studies have already been undertaken and preliminary 
results suggest that the number of neoblasts does not decline with age 
in M. lignano. However, it remains to be tested whether the dynamics 
of neoblast proliferation change with age. For this, animals can be 
incubated in colchicine to determine mitotic rate and hydroxyurea can 
be used to arrest neoblasts in early S-phase (Nimeth et al., 2004).  
Molecular germ line/stem cell markers (vasa, piwi) are also available 
(Ladurner et al., 2008; Pfister et al., 2007, 2008) and can be used for 
studying the mRNA expression by in situ hybridization and protein 
localization by specific antibody labelling (Pfister et al., 2008).  
In most mammalian tissues, the relative inaccessibility of the stem 
cell population in vivo has made it difficult to determine whether a 
decline in stem cell function is correlated to the decline of 
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regenerative capacities with ageing (Sharpless and DePinho, 2007). In 
flatworms, however, the neoblast population is accessible, and 
purification of the neoblast cell fraction is well established (Hayashi 
et al., 2006). In fact, the rescue of lethally X-irradiated hosts after 
transplanting neoblasts from healthy donors is one of the most 
convincing experiments that suggests totipotency of triclad stem cells 
(Dubois, 1948; Stephan-Dubois and Gilgenkrantz, 1961; Lange, 
1968b, c, 1969a, b; Lange and Gilbert, 1968; Baguñà et al., 1989). In 
M. lignano it would be possible to perform parabiotic pairings of 
injected ‘‘old” or ‘‘young” neoblasts into young or old X-ray 
irradiated hosts, respectively. This would allow testing whether the 
putative diminished replicative potential of the neoblasts is primarily 
due to intrinsic ageing or to the effect of the ageing somatic 
environment. Similar experiments have recently been performed in 
mice and have shown the importance of a youthful systemic milieu to 
activate aged muscle stem cells (Rando, 2006). In flatworms, the 
importance of the somatic environment was shown by Lange (1968a) 
who studied ageing in the triclad Dugesia lugubris. The experimental 
toolbox available for M. lignano allows studying the causal 
relationship between the age of the somatic environment and the 
declining stem cell functionality in greater detail.  
Other advantages of M. lignano are its small size, its simple well-
described anatomy, and its transparency. This allows a relatively fast 
assessment of (1) the number of cells, (2) the general physical 
condition of the animal, and (3) the in vivo study of cells and organ 
systems during ageing. Moreover, the recent production and 
characterization of cell-and tissue-specific monoclonal antibodies 
(mAB) for this species (Ladurner et al., 2005b) will certainly favour 
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future studies on ageing, especially in studies concerning cell 
differentiation potential and cell and tissue quantification during 
lifespan. For example, the number and the condition of gut cells, 
nerve fibres and clusters, epidermal cells, gland cells, muscle fibres, 
and spermatids can now be easily quantified and visualized over time. 
Because protocols for electron microscopy are well established for M. 
lignano, it is further possible to analyze tissues and cells 
ultrastructurally (Bode et al., 2006). Three life stages (i.e. 1, 6, and 9 
months old) of M. lignano are currently being analyzed by means of 
electron microscopy and future analyses will aim at following the 
ultrastructural morphology of cells, tissues and body deformities 
during its entire lifespan. Recently, high pressure freezing was used 
as a primary fixation technique for ultrastructural preparations in M. 
lignano (Egger et al., in review). This new tool will improve future 
ultrastructural immunocytochemistry studies aimed at characterizing 
ageing specific markers such as the p53 protein. 
Lifespan extension and rejuvenation  
The main goal of ageing research is to understand and eventually 
manipulate processes which lead to senescence and death. Essentially, 
increased lifespan can be achieved either by slowing down or even by 
reversing the ageing process. The latter phenomenon is called 
rejuvenation, known as the ‘‘fountain of youth” concept in myth and 
legend. In several flatworm species, a lifespan extension induced by 
starvation or repeated regeneration is observed. Several authors even 
suggest that starvation and repeated regeneration induce rejuvenation 
and bring individuals to a ‘‘younger” condition than at the start of the 
experiment (see Ref. in Haranghy and Balázs, 1964). The possibilities 
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of M. lignano for studying lifespan extension and especially for 
studying rejuvenation will be discussed in this section.  
By using M. lignano, the relationship between reproduction and 
longevity can be readily addressed. This hermaphrodite flatworm 
allocates a substantial amount of energy into reproduction (Schärer 
and Ladurner, 2003; Vizoso and Schärer, 2007). Analogous to recent 
C. elegans work, efforts are being undertaken to use RNA 
interference for genes involved in gonad formation, which may make 
it possible to generate animals with reduced or absent 
spermatogenesis or oogenesis, or to generate animals completely 
devoid of gonads (Sekii et al., unpublished). These manipulations are 
expected to open avenues to contribute to our understanding of how 
reproduction might regulate lifespan in this species. Known lifespan-
extending pathways (e.g. insulin/insulin-like growth factor 1 
signalling pathway) could also be studied by using the same 
molecular technique.  
One of the most interesting advantages of M. lignano as a stem cell 
model is the possibility of experimentally inducing additional stem 
cell proliferation through amputation and regeneration. In addition, 
somatic damage can be removed and post-mitotic tissues and the 
gonads can be renewed by inducing regeneration. M. lignano is 
capable of regenerating lost tissue anterior to the brain and posterior 
to the pharynx (Egger et al., 2006). Repeated amputation and 
subsequent regeneration of the same individual is not only possible, 
but apparently extends the lifespan as well (Egger et al., 2006). Over 
a period of more than two years (26.5 months), up to 59 consecutive 
amputations of the posterior part of single individuals were 
successfully performed and animals were consistently able to 
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regenerate lost tissues between amputations (Egger, unpublished 
observations; Egger et al., 2006; Ladurner et al., 2008). Only the 
head, including the rostrum, brain and eyes, and the pharynx region 
were not amputated in the repeatedly regenerating animals. 
Interestingly, after about seven months, some animals showed signs 
of deterioration in the head region: grooves appeared in the rostrum 
and the pigmented eyes were lost one after the other. After about 10 
months, all test animals had lost both pigmented eyes and these were 
never found to be repaired or replaced during the remaining months 
of the experiment (Egger, unpublished observations). The additional 
stem cell proliferation possibly leads to proliferation-induced damage, 
and the loss of eyes and deterioration in rostrum could be an 
indication of distorted maintenance of the head, possibly causing the 
eventual death of the animal. However, it is important to note that at 
the end of the experiment the individuals were still able to regenerate. 
The renewal of all amputated tissues, including neoblasts, suggests an 
actual rejuvenation of the regenerated tissues. The next step is to 
assess whether the number of amputations, the amputation level and 
the age of amputated individuals influence the lifespan. Different 
hypotheses can be formulated as for the reasons for the extended 
lifespan due to repeated regeneration in M. lignano:  
1) During regeneration, neoblasts lost by amputation are being 
renewed (Fig. 4A). This is in contrast to normal tissue 
maintenance, where differentiated cells, but not necessarily 
neoblasts, are renewed. The possibility of stem cell renewal 
taking place in adult organisms can also be observed in 
obligatorily asexually reproducing animals. For example, the 
annelid Dorvillea bermudensis (Åkesson and Rice, 1992) has 
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been known to reproduce in laboratory cultures exclusively 
by transverse fission for more than 30 years.  
2) During regeneration, all amputated tissues are completely 
renewed. Morphologically, the regeneration of small 
fragments of M. lignano presumably passes through several 
stages of postembryonic development again: after wound 
healing and blastema formation, the remaining fragment 
undergoes morphallactic changes, shrinking the remaining 
tissues (rostrum, pharynx) to proportions similar to a freshly 
hatched juvenile (Egger et al., 2006, 2007). Subsequently, the 
juvenile and the regenerating animal face identical 
challenges: both must increase their size considerably by 
forming new tissue, and need to develop gonads and 
copulatory organs (Fig. 4B). It appears likely, therefore, that 
during regeneration some of the same genetic pathways are 
used as in postembryonic and possibly even as in embryonic 
development (see Egger et al., 2007). Monitoring gene 
expression during postembryonic development and 
regeneration will clarify this question.  
3) Animals are experiencing so-called ‘‘mild stress” during 
amputation and regeneration (Fig. 4C). Exposure to mild 
stress including, for example, irradiation, starvation, heat 
stress, hypergravity and free radicals, has been shown to 
increase the lifespan of cells and organisms (Rattan, 2008). 
Amputation can be considered a form of mild stress, at least 
in animals capable of regeneration.  
All of these hypotheses are non-exclusive and could very well act 
together to increase the individual lifespan. 
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In some flatworms, starvation was also found to increase longevity. It 
is suggested that the smaller the fragment left to regenerate, or the 
longer the period of starvation is, the more pronounced the 
rejuvenation effect is (see references in Haranghy and Balázs, 1964). 
Like most flatworms, M. lignano can cope with extended periods of 
starvation (months) by shrinkage (termed ‘degrowth’ in Baguñà, 
1976; Nimeth et al., 2004; Pfister et al., 2008). During starvation, the 
animals shrink, absorb reproductive organs and other tissues, and 
assume a shape that strongly resembles a hatchling. The expression of 
the vasa-like gene macvasa in gonads and stem cells is greatly 
reduced but animals recover to normal morphology and gene 
expression upon refeeding (Pfister et al., 2008). However, for M. 
lignano, it still needs to be tested whether starvation has a similar 
influence on longevity as regeneration.  
In addition to starvation, the effects of dietary restriction can also be 
studied in M. lignano because it is possible to manipulate calorie 
uptake by limiting the food source without inducing starvation (= 
malnutrition) (Vizoso and Schärer, 2007). Dietary restriction (defined 
as caloric restriction without malnutrition) slows ageing in yeast, flies, 
nematodes, fish and rodents. Sir2 is conserved from yeast to flies, 
worms and mammals (Fabrizio et al., 2005) and may be involved in 
dietary restriction mediated determination of lifespan. We have 
studied the expression of a sir2-like gene in M. lignano. Surprisingly, 
sir2 mRNA was found in a certain cell type – called goblet cells – in 
the gastrodermis (Fig. 5). These cells can also be identified with the 
monoclonal antibody MDr-2 (Fig. 5) that was raised for M. lignano 
(Ladurner et al., 2005b). 
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Conclusion  
M. lignano is a flatworm that can be easily cultured. It has a relatively 
short lifespan and an accessible stem cell population. Because an 
experimental toolbox is available for all the levels of organisation, 
this species is an ideal model organism for obtaining more insight into 
the reciprocal influence between stem cells and the ageing process. 
Furthermore, this species is a suitable model system for studying 
lifespan extension and rejuvenation after starvation and repeated 
regeneration. 
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Figure 1.  
Suitability of model organisms for studying the relation between stem cells 
and age. Essential characteristics for studying this conceptual theme are 
plotted against the maximum lifespan of the models (presented on a 
logarithmic scale). For each characteristic of interest, its presence, absence 
and intermediate state are schematically illustrated. A good model should 
have a versatile experimental toolbox allowing multi-level approaches. 
While M. lignano has entered the era of functional genomics, the 
molecular approaches found in C. elegans, for example, are still in 
development. Stem cells are well characterised and experimentally 
accessible in M. lignano, while they are entirely (C. elegans) or almost 
entirely (Drosophila) absent, or not readily accessible (mouse, zebrafish) 
in the other models. Rejuvenation is a fascinating and emerging field of 
interest. It can only be studied in a limited number of species, such as 
cnidarians, annelids and flatworms, which have the ability to regenerate 
and renew their body. As discussed in the text, it can be easily studied in 
M. lignano. M. lignano has a shorter maximum lifespan than the vertebrate 
models, except for Nothobranchius furzeri. This annual fish is a short-
lived vertebrate which may be of biomedical relevance but does not have 













Figure 2.  
(A) Interference contrast photomicrograph and schematic drawing 
of M. lignano. The length of the animal is about 1 mm. Scale bar: 
100 µm. (B) BrdU picture of M. lignano. The red dots are labelled 


















Figure 3.  
Body deformities in 238 days old individuals of M. lignano. Scale 
bars: 100 µm. (A) The presence of a groove (black arrowheads) in the 
head region is a common deformity in old individuals. Grooves are 
external structures at the epidermis. It should be noted that in the 
literature both the terms ‘urns’ (Ladurner et al., 2005) and ‘grooves’ 
(Egger et al., 2006) are used for these structures. (B) Another 
frequently observed deformity is the presence of a cyst (*). This is an 
internal structure which can be located anywhere in the body. Besides 
the presence of a cyst, this individual is also shrinking. This can be 





























Figure 4.  
Possible explanations for increased longevity (rejuvenation) by means 
of repeated regeneration in M. lignano. All three presented hypotheses 
can play a role at the same time. (A) Adult animal with aged stem 
cells (red spots). Amputating a posterior body part causes the animal 
to regenerate lost tissues, including stem cells (green spots). (B) 
Genetic pathways (green) expressed during postembryonic 
development are possibly reactivated during regeneration and 
subsequent growth; some of these pathways are probably not 
expressed in adults (red). (C) Amputation itself can be considered a 
form of ‘‘mild stress” to animals with pronounced regeneration 










In situ hybridization of a sir2-like gene of M. lignano. (A) The 
signal (blue) is located in the gut. (C) Higher levels of sir2-like 
mRNA are located in a special cell type called goblet cells. (B) This 
cell type can also be labelled with a specific monoclonal antibody 
(see Ladurner et al., 2005). The scale bars are 100 µm in (A) and 20 
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Category Clone BLAST Homologs                                          E-value 
   
Telomerase ANGU5132 telomerase-associated protein                         4e-10 
  TP-1 [Homo] 
 ANGU2599 flotillin                                                            22e-62 
   
Insulin ANGU6390 insulin induced gene 1 [Danio rerio]              4e-39 
 ANGU7494 insulin receptor substrate protein                    4e-15 
 ANGU793 insulin receptor-related precursor                   4e-11 
 ANGU7967 insulin-degrading enzyme [Homo]                 8e-54 
 KN-30_A06_T7 Insulin precursor                                             9e-05 
 Ml_aW_004_E10 Insulin-like growth factor                        3.0e-16 
  2 mRNA-binding protein 1 
 
Stress  ANGU1456 stress protein HSP70                                       4e-19 
Heat Shock ANGT5211  Hsc70 protein [Danio rerio] >gi                     1e-131 
 ANGU1138 similar to Wolf-Hirschhorn synd...                 2e-16 
 ANGU2041  S21175 dnaK-type chaperone hsc71              9e-32 
 ANGU2436  GR75_CRIGR Stress-70 protein                    1e-116 
 ANGU2666  stress protein HSC70 [Xiphophorus]             1e-64 
 ANGU6242  PDX1_SUBDO Probable pyridoxin               4e-66 
 AZWT1718 err-related and stress induced protein            1e-121 
   
Superoxid ANGT5713  copper/zinc superoxide dismutase                  7e-52 
Dismutase  [Anemonia] 
 ANGT6742  SODC_IPOBA Superoxide                            5e-26 
  dismutase [Cu-Zn] 
 ANGU1264  superoxide dismutase 2, mitochondrial          2e-76 
 ANGU5058  cytosolic Cu/Zn-superoxide                           1e-51 
  dismutase [Taenia] 
   
Deacetylase ANGU1759  histone deacetylase 11 [Mus musculus]         6e-59 
 ANGU4714  transcriptional regulator Sir2 family prot       7e-34 
 ANGU824 LOC432017 protein [Xenopus laevis]            4e-29 
   
Longevity ANGU2720  HrPET-1 [Halocynthia roretzi]                       9e-05 
 ANGU6685  LAG1 longevity assurance                             1e-18 
  homolog 2 isoform 
   
Sir2 ANGU4714 transcriptional regulator Sir2                          7e-34 
 Ml_aW_002_rv_K01 Sir2-like protein                                              8.0e-28 
 ANGU8000.g2 Sirtuin                                                             9.0e-23 
   
Others ANGT6056  C. elegans methuselah protein MTH-1           0.46* 
 ANGU7232  p53-related protein kinase [Homo sapiens]    4e-22 
 ANGU7644.g2 Target of rapamycin (TOR) kinase                 9.0e-58 
 ANGU7677.g2  DNA repair protein                         2.0e-22 
 Ml_aW_007_I23 DNA double-strand break repair                     8.0e-04 
 KN-32_H11_T7  DNA-repair protein                        7.62e-44 
 
Table 1 
Selected Macrostomum lignano ESTs with homology to genes known 




Abeloos, M., 1930. Recherches expérimentales sur la croissance et la 
régénération chez les planaires. Bull. Biol. 1, 1–140.  
Åkesson, B., Rice, S.A., 1992. Two new Dorvillea species 
(Polychaeta, Dorvilleidae) with obligate asexuaI reproduction. Zool. 
Scripta 21, 351–362.  
Arking, A., 1998. Biology of Aging, 2nd ed. Sinauer Associates Inc., 
Sunderland.  
Baguñà, J., 1976. Mitosis in the intact and regenerating planarian 
Dugesia mediterranea n. sp. I. Mitotic studies during growth, feeding 
and starvation. J. Exp. Biol. 195, 53–64.  
Baguñà, J., 1981. Planarian neoblasts. Nature 290, 14–15.  
Baguñà, J., Saló, E., Auladell, C., 1989. Regeneration and pattern 
formation in planarians III. Evidence that neoblasts are totipotent 
stem cells and the source of blastema cells. Development 107, 77–86.  
Bode, A., Salvenmoser, W., Nimeth, K., Mahlknecht, M., Adamski, 
Z., Rieger, R.M., Peter, R., Ladurner, P., 2006. Immunogold labeled 
S-phase neoblasts, total neoblast number, their distribution and 
evidence for arrested neoblasts in Macrostomum lignano 
(Platyhelminthes, Rhabditophora). Cell Tissue Res. 325, 577–587.  
Dubois, F., 1948. Sur une nouvelle méthode permettant de mettre en 
évidence la migration des cellules de régénération chez les planaires. 
CR Soc. Biol. 142, 699–700.  
Egger, B., Ladurner, P., Nimeth, K., Gschwentner, R., Rieger, R., 
2006. The regeneration capacity of the flatworm Macrostomum 
lignano -on repeated regeneration, rejuvenation and the minimal size 
needed for regeneration. Dev. Genes. Evol. 216, 565–577.  
Egger, B., Gschwentner, R., Rieger, R., 2007. Free-living flatworms 
under the knife: past and present. Dev. Genes. Evol. 217, 89–104.  
Fabrizio, P., Gattazzo, C., Battistella, L., Wei, M., Cheng, C., 
McGrew, K., Longo, V.D., 2005. Sir2 blocks extreme life-span 
extension. Cell 123 (4), 655–667.  
 69
Guillard, R., Ryther, J., 1962. Studies of marine planktonic diatoms. I. 
Cyclotella nana Hustedt, and Detonula confervacea (cleve). Gran. 
Can. J. Microbiol. 8, 229–239.  
Haranghy, L., Balázs, A., 1964. Ageing and rejuvenation in 
planarians. Exp. Gerontol. 1, 77-91.  
Hayashi, T., Asami, M., Shibata, N., Agata, K., 2006. Isolation of 
planarian X-raysensitive stem cells by fluorescence-activated cell 
sorting. Dev. Growth Differ. 48, 371–380.  
Ladurner, P., Rieger, R., Baguñá, J., 2000. Spatial distribution and 
differentiation potential of stem cells in hatchlings and adults in the 
marine platyhelminth Macrostomum sp.: a Bromodeoxyuridine 
analysis. Dev. Biol. 226, 231–241.  
Ladurner, L., Schärer, L., Salvenmoser, W., Rieger, R.M., 2005a. A 
new model organism among the lower Bilateria and the use of digital 
microscopy in taxonomy of meiobenthic Platyhelminhtes: 
Macrostomum lignano, n. sp. (Rhabditophora, Macrostomorpha). J. 
Zool. Syst. Evol. Rest. 43, 114–126.  
Ladurner, P., Pfister, D., Seifarth, C., Schärer, L., Mahlknecht, M., 
Salvenmoser, W., Marx, F., Rieger, R., 2005b. Production and 
characterization of cell-and tissue-specific monoclonal antibodies for 
the flatworm Macrostomum sp. J. Hist. Biol. 123, 89–104.  
Ladurner, P., Egger, B., De Mulder, K., Pfister, D., Kuales, G., 
Salvenmoser, W., Schärer, L., 2008. The stem cell system of the basal 
flatworm Macrostomum lignano. In: Bosch, T.C.G. (Ed.), Stem Cells: 
from Hydra to Man. Springer, Netherlands, pp. 75–95.  
Lange, C.S., 1968a. A possible explanation in cellular terms of the 
physiological ageing of the planarian. Exp. Gerontol. 3, 219–230.  
Lange, C.S., 1968b. Studies on the cellular basis of radiation lethality. 
I. The pattern of mortality in the whole-body irradiated planarian 
(Tricladida, Paludicola). Int.  
J. Radiat. Biol. 13 (6), 511–530.  
Lange, C.S., 1968c. Studies on the cellular basis of radiation lethality. 
II. Survival curve parameters for standardized planarian populations. 
Int. J. Radiat. Biol. 14 (2), 119–132.  
Lange, C.S., Gilbert, C.W., 1968. Studies on the cellular basis of 
radiation lethality. III. The measurement of stem cell repopulation 
probability. Int. J. Radiat. Biol. 14, 373–388.  
 70
Lange, C.S., 1969a. Studies on the cellular basis of radiation lethality. 
IV. Confirmation of the validity of the model and the effects of dose 
fractionation. Int. J. Radiat. Biol. 14 (6), 539–551.  
Lange, C.S., 1969b. Studies on the cellular basis of radiation lethality. 
V. A survival curve for the reproductive integrity of the planarian 
neoblast and the effect of polyploidy on the radiation response. Int. J. 
Radiat. Biol. 15 (1), 51–64.  
Morris, J., Ladurner, P., Rieger, R., Pfister, D., Del Mar De Miguel-
Bonet, M., Jacobs, D., Hartenstein, V., 2006. The Macrostomum 
lignano EST database as a molecular resource for studying 
platyhelminth development and phylogeny. Dev. Genes Evol. 216, 
695–707.  
Nimeth, K., Ladurner, L., Gschwentner, R., Salvenmoser, W., Rieger, 
R., 2002. Cell renewal and apoptosis in Macrostomum sp. Cell Biol. 
Int. 26, 801–815.  
Nimeth, K.T., Mahlknecht, M., Mezzanato, A., Peter, R., Rieger, R., 
Ladurner, P., 2004. Stem cell dynamics during growth, feeding, and 
starvation in the basal flatworm Macrostomum sp. (Platyhelminthes). 
Dev. Dyn. 230, 91–99.  
Pfister, D., De Mulder, K., Philipp, I., Kuales, G., Hrouda, M., 
Eichberger, P., Borgonie, G., Hartenstein, V., Ladurner, P., 2007. The 
exceptional stem cell system of Macrostomum lignano: screening for 
gene expression and studying cell proliferation by hydroxyurea 
treatment and irradiation. Front. Zool. 4, 9.  
Pfister, D., De Mulder, K., Hartenstein, V., Kuales, G., Borgonie, G., 
Marx, F., Morris, J., Ladurner, P., 2008. Flatworm stem cells and the 
germ line: developmental and volutionary implications of macvasa 
expression in Macrostomum lignano. Dev. Biol..  
Rando, T.A., 2006. Stem cells, ageing and the question for 
immortality. Nature 441, 1080–1086.  
Rattan, S.I.S., 2008. Hormesis in aging. Ageing Res. Rev. 7, 63–78.  
Rossi, D.J., Jamieson, C.H.M., Weissman, I.L., 2008. Stem cells and 
the pathways to aging and cancer. Cell 132, 681–696.  
Sánchez Alvarado, A., Reddien, P. W., Newmark, P. A., Nusbaum, 
C., 2002. Proposal for sequencing of a new target genome: white 
paper for a planarian genome project. The Schmidtea mediterranea 
sequencing consortium.  
 71
Schärer, L., Ladurner, P., 2003. Phenotypically plastic adjustment of 
sex allocation in a simultaneous hermaphrodite. Proc. R Soc. Lond. B 
270, 935–941.  
Schärer, L., Ladurner, P., Rieger, R.M., 2004. Bigger testes do work 
more: experimental evidence that testis size reflects testicular cell 
proliferation activity in the marine invertebrate, the free-living 
flatworm Macrostomum sp. Behav. Ecol. Sociobiol. 56, 420–425.  
Sharpless, N.E., DePinho, R.A., 2007. How stem cells age and why 
this makes us grow old. Nat. Rev. Mol. Cell Biol. 8, 703–713.  
Semsei, I., 2000. On the nature of aging. Mech. Ageing Dev. 117, 93–
108.  
Stephan-Dubois, F., Gilgenkrantz, F., 1961. Régénération après 
transplantation chez la planaire Dendrocoelum lacteum. CR Soc. Biol. 
155, 115–118.  
Terzibasi, E., Valenzano, D.R., Cellerino, A., 2007. The short-lived 
fish Nothobranchius furzeri as a new model system for aging studies. 
Exp. Gerontol. 42, 81–89. 
Vizoso, D.B., Schärer, L., 2007. Resource-dependent sex allocation in 




3 Demographic analysis reveals 










* Modified from: 
Mouton S., Willems M., Back P., Braeckman B.P., Borgonie G. 
(2009). Demographic analysis reveals gradual senescence in the 
flatworm Macrostomum lignano. Frontiers in Zoology 6, 15 
 74
Abstract 
Free-living flatworms ("Turbellaria") are appropriate model 
organisms to gain better insight into the role of stem cells in ageing 
and rejuvenation. Ageing research in flatworms is, however, still 
scarce. This is partly due to culture difficulties and the lack of a 
complete set of demographic data, including parameters such as 
median lifespan and age-specific mortality rate. In this paper, we 
report on the first flatworm survival analysis. We used the species 
Macrostomum lignano, which is an emerging model for studying the 
reciprocal influence between stem cells, ageing and rejuvenation. 
This species has a median lifespan of 205 ± 13 days (average ± 
standard deviation [SD]) and a 90th percentile lifespan of 373 ± 32 
days. The maximum lifespan, however, is more than 745 days, and 
the average survival curve is characterised by a long tail because a 
small number of individuals lives twice as long as 90% of the 
population. Similar to earlier observations in a wide range of animals, 
in M. lignano the age-specific mortality rate increases exponentially, 
but levels off at the oldest ages. To compare the senescence of M. 
lignano with that of other ageing models, we determined the mortality 
rate doubling time, which is 0.20 ± 0.02 years. As a result, we can 
conclude that M. lignano shows gradual senescence at a rate similar 
to the vertebrate ageing models Rattus norvegicus and Mus musculus. 
We argue that M. lignano is a suitable model for ageing and 
rejuvenation research, and especially for the role of stem cells in these 
processes, due to its accessible stem cell system and regeneration 
capacity, and the possibility of combining stem cell studies with 
demographic analyses. 
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Findings  
Flatworms have been an object of ageing studies since Child's initial 
investigations [1,2]. Researchers tended to focus on the role of stem 
cells and cell renewal during ageing, and the causal effect of 
regeneration and starvation on rejuvenation [2-4]. Despite these 
fascinating themes, the extent of flatworm ageing research remained 
limited in comparison to that of other model organisms such as 
Caenorhabditis elegans, Drosophila melanogaster and rodents. The 
lack of detailed demographic data partly accounts for this, as the only 
available data are the maximum lifespans of several species. These 
data, however, include many discrepancies due to non-specified or 
non-standardised culture conditions or culture problems such as the 
presence of fungal and bacterial contaminations [3,4]. Without a basic 
set of demographic data, the most fundamental question – at which 
age can an individual be considered old? – remains unanswered. As a 
result, it is hard to draw any conclusions about, for example, old-age 
regeneration capacity or the rate of cell renewal as a function of age. 
Previously published data about these issues are often contradictory 
or ambiguous and there is still little known about senescence, 
rejuvenation and the causes of death in flatworms [3,4]. This 
demonstrates that establishing a survival curve, median lifespan and 
90th percentile lifespan is a prerequisite for the experimental design of 
ageing studies and should be the first step in initiating ageing research 
with a new model organism. Emerging ageing models are often first 
described demographically, after which detailed studies follow, 
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stemming from these initial descriptions [5,6]. Because lifespan 
parameters indicate when individuals can be considered young or old, 
they allow for choosing age groups to study biomarkers as a function 
of age and for experiments in which young and old worms are studied 
comparatively. Furthermore, the survival curve indicates what 
proportion of the initial cohort is alive at a certain age. Therefore, it 
can be used to calculate how large an initial culture set-up is needed 
to retain individuals at a desired age to give the experiment enough 
statistical power. Besides lifespan parameters, data about the age-
related changes in mortality rate provide a basic measure for the rate 
of senescence [7], and can be used to study rejuvenation by 
experimental manipulation, such as regeneration and caloric 
restriction. 
In this manuscript, the first flatworm survival curve and demographic 
dataset are presented. We used Macrostomum lignano 
(Rhabditophora, Platyhelminthes), which is a new model for stem cell 
biology, development, regeneration and the study of sexual selection 
[8-13], as well as an emerging model for ageing and rejuvenation 
research, and especially for the role of stem cells in these processes 
[14]. Egger et al. suggested that, in M. lignano, repeated regeneration 
induces a lifespan extension and possible rejuvenation [8,9,11], 
because individuals were cut up to 59 times over a period of 26.5 
months and were still able to regenerate [14]. The demographic data 
in this manuscript can be used to design experiments in which 
mortality rate parameters are used to conclude whether repeated 
regeneration slows down the ageing process or induces an actual 
rejuvenation in comparison to non-regenerated individuals of M. 
lignano.  
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The data presented here were obtained in three replicate cohorts, 
maintained under controlled culture conditions. In M. lignano, the 
average (± SD) median lifespan is 205 ± 13 days, the 90th percentile 
lifespan 373 ± 32 days, and the maximum lifespan more than 745 
days (2.04 years). While all individuals in replicate 1 and 2 were 
already dead at this age, 4% of the individuals in replicate 3 are still 
alive (figure 1). The lifespan data of the separate replicates are listed 
in table 1, and individuals of four, 27 and 76 weeks old are presented 
in figure 2 to illustrate the morphological changes as a function of 
age. The maximum lifespan here observed is considerably longer than 
42 weeks (0.8 year), which was previously reported by Egger et al. 
[8]. These authors noted, however, that culture limitations such as 
bacteria or parasites may have shortened the lifespan of the 
specimens. It is remarkable that the maximum lifespan of 745 days is 
twice as long as the 90th percentile lifespan, which is visualised by the 
long tail in the survival curve (figure 1), and more than three times 
the median lifespan, indicating a levelling off of the mortality rate 
acceleration at advanced ages (see below). This phenomenon was 
previously described in large medfly cohorts by Carey et al. [5]. 
Furthermore, these authors concluded that medflies appear not to 
have a characteristic lifespan, because they observed different 
maximum lifespans in the several cohorts. Because the maximum 
lifespan is based on only one individual in the cohort, it results in a 
great variability which can also be observed in M. lignano (table 1). 
Therefore it is better to use more reliable statistics such as the median 
lifespan and 90th percentile when demographic data are compared 
among laboratories, or in experiments studying lifespan extension and 
rejuvenation. 
 78
Lifespan itself, however, cannot indicate the characteristics of 
senescence, and therefore age-related mortality rate acceleration 
should be studied in addition. In a wide range of animal populations, 
including human, an exponential increase in the age-specific mortality 
rate is observed after maturation and is considered a hallmark of 
senescence. However, the increase in mortality rate decelerates at 
advanced ages in several species. In other words, the chance of death 
for individuals actually levels off at older ages, resulting in increasing 
life expectancies at the oldest ages [5,15]. A similar mortality pattern 
can be observed in M. lignano (figure 3). The genetic heterogeneity of 
the population is a possible explanation for this. As the population 
ages, frailer individuals with higher death rates will die out in greater 
numbers than those with lower death rates, thereby transforming the 
population into one consisting mostly of individuals with low death 
rates [5,15,16].  
To compare the rate of senescence of M. lignano with that of other 
ageing models, the Gompertz function was plotted (table 2). The 
Gompertz function describes the exponential increase in the age-
specific mortality rate, and is the most common model used for 
interspecies comparison [17-19]. It has proven to be especially useful 
in simply but accurately describing the kinetics of ageing of 
populations [20]. Furthermore, the Gompertz coefficient G allows for 
calculating the mortality rate doubling time (MRDT), which is held to 
be a fundamental measure of senescence [7,20]. Based on the MRDT, 
Finch [7] characterised senescence using a continuum with three 
general subdivisions according to the rate of degenerative changes: 
rapid (0.005–0.10 years), gradual (0.10–more than 10 years), and 
negligible (no indication of senescence). Humans, for example, show 
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gradual senescence, with a MRDT of 8 years [7] and maximum 
lifespan of 122 years [21]. M. lignano has a MRDT of 0.20 ± 0.02 
years and is therefore also a gradually ageing species. This is in 
contrast to the commonly used invertebrate ageing models, 
Caenorhabditis elegans and Drosphila melanogaster. Both show 
rapid senescence, with a MRDT of 0.02–0.04 years and a short 
maximum lifespan of 0.16 and 0.30 years respectively [7]. The 
vertebrate models Mus musculus and Rattus norvegicus show gradual 
senescence, with MRDTs of 0.27 and 0.30 years respectively [7,20]. 
The MRDT of M. lignano is thus much more similar to the rodent 
models than the invertebrate models. Although M. musculus and R. 
norvegicus have a similar rate of senescence, their lifespan is longer: 
4.5 and 5.5 years respectively [20]. The median lifespan ranges from 
about 20 to 30 months in M. musculus [22] and is around 30 months 
for several strains of R. norvegicus [23], while it is 205 ± 13 days 
(between 6 and 7 months) in M. lignano. This is due to a larger initial 
mortality rate (A0) in M. lignano (average ± SD: 0.42 ± 0.06/year) 
than in the lab mouse and rat (0.03 and 0.02/ year, respectively) [20]. 
However, we cannot exclude that this initial mortality rate may 
slightly decrease when culture conditions could be further optimised 
in this young model. 
Studying the influence of treatment on the rate of senescence, e.g. 
induction of rejuvenation through regeneration, is possible by 
comparing mortality parameters among treatment replicates [17]. 
Mortality parameters such the s parameter, describing the degree of 
deceleration in mortality at older ages, and the age-independent 
Make-ham constant are however not included in the Gompertz 
function [17]. Therefore, one should first determine the mortality 
 80
model which best describes the data. Analysis of the data obtained 
here demonstrates that the average overall survival curve and 
replicate 1 and 3 are best described by the logistic function, which 
contains the s parameter, while replicate 2 is best described by the 
Gompertz function (table 3 and 4). 
The short lifespan in comparison to other gradually ageing models 
and the ease of culturing makes M. lignano a suitable ageing model, 
but the major advantage is the presence of a very accessible stem cell 
system. The stem cells can be visualised and quantified in vivo, and 
also manipulated in several ways. Stem cells can be arrested in 
mitosis or in S-phase by adding colchicine or hydroxyurea 
respectively to the medium, or eliminated through irradiation. In 
contrast, the proliferation rate can also be increased by injuring the 
individual, which induces regeneration [11,24-28]. Furthermore, this 
manuscript demonstrates that it is possible to perform demographic 
analyses, which are necessary to draw reliable conclusions when stem 
cells are studied at different ages. Because the accessible stem cell 
population of M. lignano can be combined with demographic studies, 
this species has the potential to play a key role in obtaining a better 
understanding of stem cell biology in tissue homeostasis, ageing, and 
even rejuvenation 
Methods  
M. lignano is a free-living, hermaphrodite flatworm with a five-day 
embryonic development and a generation time of about 2–3 weeks 
[12]. M. lignano was first found in 1995 in Lignano, Italy, resulting in 
the first lab cultures. Afterwards, it was resampled several times, and 
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cultures have been established in several labs. [10,11]. The species 
and its natural habitat is described in detail by Ladurner et al. [10,11].  
In the lab, M. lignano is easily cultured in f/2, a nutrient-enriched 
artificial seawater medium at a salinity of 32‰ [29], and incubated at 
20°C with a 60% relative humidity and a 13 h:11 h light: dark cycle 
[30]. Individuals are fed ad libitum with the diatom Nitzschia 
curvilineata, which is grown under identical conditions as the worms 
and can be obtained from the culture collection of algae (SAG) at the 
University of Göttingen (strain 48.91, http:// sagdb.uni-goettingen.de) 
[11].  
Survival was followed in three replicate cultures consisting of 100 
individuals each. To initiate the replicates, one-day-old juveniles were 
put in separate wells of a 12-well plate and, by maintaining the worms 
individually, reproduction and hence a mixture of individuals of 
different ages could be avoided. About every 30 days, individuals 
were put into new 12-well plates with new culture medium and 
diatoms to maintain ad libitum food resources. The number of 
survivors was counted about every 10 days. As in demographic 
studies of other model organisms [31,32], animals that died due to 
age-independent injury (for example rupture in C. elegans) were 
censored to ensure that the analysis reflects the natural lifespan. In M. 
lignano, age-independent death can be caused by infection with 
Thraustochytrium caudivorum [33]. This can be recognised by the 
characteristic dissolution of the tail plate [33]. In previous ageing 
cultures, it was observed at different ages (ranging from three weeks 
old to the oldest individuals in culture), which allowed us to conclude 
that it is age-independent. In the meantime, we were able to establish 
parasite-free cultures by optimising the working procedures and using 
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the Triton treatment presented by Schärer et al. [33]. Kaplan-Meier 
survival curves were constructed (for completeness, non-censored 
survival curves are also given in additional file 1), and the median 
lifespan (50% mortality), 90th percentile lifespan (90% mortality), and 
maximum lifespan were determined.  
Characterising senescence was done by calculating the age-specific 
mortality rate and determining the mortality parameters of both the 
Gompertz and the Logistic model. The equations of these models are 
y(t) = A0e
Gt 
and ))1(1/()( −+= GtGAGt eSAety respectively [17]. 
Identifying which demographic model best fits the data and 
determining the mortality parameters was done by using WinModest 
software. This software uses the maximum likelihood method, which 
is based on the age distribution of deaths. The method provides better 
parameter estimates that are more consistent and less influenced by 
technical aspects of the experimental design such as sample size than 
those of other methods [17,18]. The WinModest software is very 
straightforward in use and is made freely available by Dr. Pletcher 
[17]. To determine the parameters of the Logistic model, we used the 
complete survival dataset of the three replicates. Because the 
Gompertz model describes the exponential increase in mortality rates, 
we used the dataset until Day 367. We chose this subset because at 
Day 367 the average 90th percentile was reached, and after this day 
there is an obvious deceleration of the increasing mortality rate. The 
MRDT was calculated using the formula MRDT = ln(2)/G [7,20]. 
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Table 1. Lifespan data of Macrostomum lignano in three replicate 
cohorts (1–3).  
All replicates initially started with 100 individuals (N). Individuals that died 
due to age-independent infection were censored. Median lifespan and 90th 
percentile are the ages at which 50% and 90% mortality are reached 
respectively, while the maximum lifespan is the age at which the last 
survivor of the cohorts dies. At the day of submission the last 4% survivors 
of replicate 3 were 745 days old, and therefore the maximum lifespan of 





































































































































































Table 2. Parameters of the Gompertz fit.  
A0 is the initial mortality rate, which is age-independent. G is the Gompertz 
coefficient, which expresses the exponential increase in age-specific 
mortality rate. MRDT is the mortality rate doubling time, which is expressed 
in years to facilitate comparison with other species. 95% CI is the 95% 
confidence interval of the parameter as obtained by WinModest. For every 
parameter, the average and standard deviation (SD) of the three replicate 





















































































































































































































Table 3. Parameters of the Logistic fit.  
A is the age-independent initial mortality rate, B the acceleration of age-
specific mortality rate and S the degree of deceleration of mortality rate at 
advanced ages. These parameters are given for the three separate replicates 
and the average overall survival curve. Note that in replicate 2, the S value of 
zero indicates that there is no deceleration of mortality rate, reducing the 
logistic model to the Gompertz model. 95% CI is the 95% confidence 














































































Table 4. Likelihood ratio test.  
For the three separate replicates and the average dataset, the log-likelihood 
for the data under the Gompertz and Logistic model are presented. In the last 
column, the P values of the likelihood ratio tests are presented. The highly 
significant values in replicate 1, 3 and the average demonstrate that these 
datasets are best described by the logistic model. The non-significant value 
in replicate 2 demonstrates that this dataset is best described by the 














Figure 1. Survival curve of Macrostomum lignano.  
The grey curves are the survival curves of the separate replicate 
cohorts. The black, bold curve represents the average overall survival 

















Figure 2. Morphology as a function of age.  
Individuals at four weeks (A), 27 weeks (B) and 76 weeks (C) of age. 
The brain, left testis, left ovarium and a developing egg are outlined in 
(A). Furthermore, the organs that can be easily observed are named. B: 
brain, E: eye, G: gut, which is filled with yellowish diatoms, T: testis, O: 
ovarium, D: developing egg, S: copulatory stylet. With advancing age, 
internal organs become less distinguishable as shown for the left testis 
as an example (A: full line; B: dotted line; C: no line). Furthermore, the 
body becomes more opaque as a function of age. The opaqueness is, 
however, variable between individuals and in this figure, it can be best 
observed in (B). Another characteristic change is the appearance of 
bulges and grooves in the epidermis. As a result, the right eye is out of 
focus in (C). The occurrence of body deformities such as cysts (Cy) is 















Figure 3. The logarithm of the mortality rate graphed as a 
function of age.  
Data points represent the age-specific mortality rate of the three 
replicates. The age-specific mortality rate increases exponentially 
until the age of approximately one year, after which the increase 
decelerates. The rate of deceleration varies between the 3 replicates 
and is especially obvious in replicate 3. Note that data points of age-
classes in which no deaths occur are considered as missing because 
the log (mortality) of these zero-mortality age classes is undefined. 
This results in large time intervals without data points after the age 
of one year old, which also reflects the deceleration of the increase 












Additional file 1 Uncensored survival curve of Macrostomum 
lignano.  
The grey curves are the survival curves of the separate replicate 
cohorts. The black, bold curve represents the average overall 
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During the last years, a decrease in number and/or functionality of 
stem cells with advancing age is observed in several mammalian 
tissues, and stem cell ageing is currently stated as a key factor in the 
ageing process. However, more research is needed to obtain a better 
insight into stem cell ageing and its causal role in organismal ageing. 
Due to practical limitations in the current models, there is a need for 
developing new models facilitating in vivo ageing studies of stem cell 
functionality. Flatworms are potential candidates because they have a 
high rate of cell renewal and an experimental accessible stem cell 
population. Even more interesting is that these organisms are often 
suggested to be able to rejuvenate during fission, regeneration and 
starvation. However, knowledge of flatworm ageing and rejuvenation 
and the role of the stem cells in these processes is still limited.  
Here, we demonstrate ageing and rejuvenation of the flatworm 
Macrostomum lignano. Ageing at the organismal level is shown by 
the reduced reproductive rate with age. With advancing age, an 
increasing appearance of body deformities called cysts and a 
decreasing density of M-phase stem cells is observed, indicating 
ageing at the stem cell level. Remarkably, the density of S-phase stem 
cells remains constant. Rejuvenation is demonstrated by cutting aged 
animals, forcing them to regenerate. After regeneration, we 
determined the male fecundity rate and the density of M-phase stem 
cells. Both exhibit a significant increase, indicating rejuvenation at 
both the organismal and the stem cell level.  
Keywords: Ageing, Biomarkers, Macrostomum lignano, 
Rejuvenation, Stem cells 
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Introduction 
Ageing is a gradual and multifactorial process. It is determined by the 
summed effects of several factors, although some are more important 
than others (Rossi et al., 2008; Semsei, 2000). In organisms with 
renewable tissues, a reduction in the number and/or functionality of 
the stem cells responsible for maintaining these tissues is often stated 
as a key factor of the ageing process, as it causes disrupted tissue 
homeostasis and repair, and thus a decreased maintenance of the body 
(Beltrami A.P. et al., 2011; Ho et al., 2005; Rando, 2006; Rossi et al., 
2008; Sharpless and DePinho, 2007).  
However, the currently used model organisms do not allow to fully 
address topics such as in vivo stem cell ageing, tissue homeostasis and 
their relation with organismal ageing. Therefore, new and adequate 
model organisms are needed. Free-living flatworms are highly 
promising candidates, due to their fascinating characteristics (Austad, 
2009; Mouton et al., 2009b; Oviedo et al., 2008; Pellettieri and 
Alvarado, 2007; Sharpless and Schatten, 2009). These organisms 
possess a large, experimentally accessible, totipotent population of 
somatic stem cells, called neoblasts, which are the only dividing 
somatic cells in the body (Baguñà and Slack, 1981; Ladurner et al., 
2000). Furthermore, several flatworms exhibit a high rate of cell 
renewal throughout their life and have a high regeneration capacity 
(Nimeth et al., 2002; Pellettieri and Alvarado, 2007; Reddien and 
Alvarado, 2004). Similar as in vertebrates, flatworm ageing has been 
hypothesised to be caused by a decreasing neoblast availability and 
cell renewal with advancing age (Abeloos, 1930; Balázs, 1970; 
Calow, 1977; Lange, 1967; Lange, 1968). However, information on 
flatworm ageing is limited and knowledge on the age-dependent 
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proliferation rate of neoblasts in adult flatworms is, to our knowledge, 
so far non-existing.  
Intriguingly, flatworms have often been claimed to be able to reverse 
the ageing process (Child, 1911; Child, 1915; Egger et al., 2006; 
Haranghy and Balázs, 1964; Hyman, 1919a). It has been suggested 
that in flatworms, asexual reproduction, starvation and regeneration – 
all of which are related to stem cell function – can all lead to 
rejuvenation. This hypothesis is based on the everlasting clonal 
lifespan of several asexual flatworm species (Haranghy and Balázs, 
1964), a lifespan extension after starvation and regeneration (Egger et 
al., 2006; Haranghy and Balázs, 1964), and the metabolic experiments 
of Child and Hyman (Child, 1911; Child, 1915; Hyman, 1919a; 
Hyman, 1919b; Hyman, 1919c). However, lifespan-extension does 
not necessarily involve rejuvenation, as it can also be caused by a 
reduced rate of ageing (Hass, 2009). Furthermore, the results of Child 
were contradicted by later metabolic studies (Allen, 1919; Brøndsted, 
1969; Pedersen, 1956). Hence, an actual rejuvenation of whole 
individuals has hitherto never been demonstrated. In conclusion, more 
experimental work is needed to substantiate both the flatworm ageing 
and rejuvenation hypotheses.  
Over the last several years we have developed Macrostomum lignano 
as a promising flatworm ageing/rejuvenation model (Mouton et al., 
2009b). In the study reported here, ageing and rejuvenation are 
studied at multiple levels of organisation in this species, using a 
number of biomarkers. At the organismal level, we demonstrated an 
age-dependent decrease of fecundity. Regeneration caused a reversal 
of this decrease, suggesting rejuvenation. A detailed morphological 
study of the cysts which appear with age confirmed that ageing is 
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accompanied by a decreasing anatomical maintenance. At the 
neoblast level, quantification of the number of cycling neoblasts 
showed an age-dependent decrease in the density of mitotic neoblasts 
in both the whole organism and a specific organ i.e., the testes. 
Rejuvenation at the neoblast level was demonstrated by an increase of 
the mitotic neoblast density in regenerated aged animals. 
Material and Methods 
Study species and laboratory culture 
Macrostomum lignano is a free-living flatworm from the interstitial 
sand fauna of the northern Adriatic Sea (Ladurner et al., 2005). It is 
an outcrossing simultaneous hermaphrodite with reciprocal 
copulation. All experiments are performed with individuals of the 
LS1 line (the outbred line), which have a five-day embryonic 
development and a generation time of about 18 days (Ladurner et al., 
2005; Schärer and Ladurner, 2003).  
In the laboratory, M. lignano can easily be cultured in f/2 medium 
(Andersen et al., 2005), at 20°C and a 13h:11h light:dark cycle. 
Worms are fed ad libitum with the diatom Nitzschia curvilineata. To 
initiate ageing cohorts adults are put together in Petri dishes for 24 
hours, during which eggs are laid. After hatching, 1-day-old juveniles 
are placed individually in 12-well plates containing diatoms and 3 ml 
culture medium per well. Subsequently, every three weeks, animals 
are transferred to new 12-well plates with fresh culture medium and 
diatoms to maintain ad libitum food resources. By maintaining the 
worms individually, reproduction and hence a mixture of parents and 
offspring is avoided.  
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Experimental ages of the used individuals 
Previously performed demographical analysis demonstrated that the 
median lifespan of M. lignano is between 27 and 31 weeks (average ± 
standard deviation: 205 ± 13 days), while the 90th percentile lifespan 
is between 49 and 58 weeks (373 ± 32 days) (Mouton et al., 2009a). 
This demographic dataset was the basis for selecting the age classes 
used in our experiments.  
Four till five weeks old worms represent very young adults, worms 
which reached the age corresponding with the median lifespan can 
already be considered aged, and worms with an age between the 
median and 90th percentile lifespan represent very old worms. For 
every studied ageing-biomarker, at least these three groups (young, 
old, very old) were included in the experiment. Some experiments 
contain additional age groups.  
Cyst number and morphology as a function of age 
To determine the age-dependent number of individuals displaying 
cysts 6, 23 and 42 weeks old worms were randomly selected from our 
ageing cohorts and observed with a Leica MZ9.5 stereo microscope 
(n=30 each). For every age group, the number of worms displaying 
cysts was quantified and expressed as percentage. All 90 individuals 
were studied on the same day. 
To better characterize the general nature of cysts at the light 
microscopical level, individuals with cysts were selected from the 
ageing cohorts and anaesthetized in a 1:1 f/2 medium:MgCl2 (7.14%) 
solution. Worms were then placed in a drop (50µl) on a glass slide 
and slightly squeezed with a cover slip provided with tiny plasticine 
supports. Excess medium was removed with a filter paper and the 
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slides were observed with an Olympus BX 51 microscope equipped 
with an Olympus C5060 digital camera. 
To study cysts at the ultrastructural level, animals with cysts and cyst-
free controls were selected from the ageing cohorts. They were 
anaesthetized using a 1:1 artificial seawater (ASW):MgCl2 (7.14%) 
solution and fixed according to the procedure of Eisenman & Alfert 
(1982). Following post-fixation in 1% osmium tetroxide in Na-
cacodylate buffer and standard dehydration in ethanol, the specimens 
were embedded in Spurr's low viscosity resin (Spurr, 1969). 
Areas of interest were located using semithin sections (1 µm) made 
with a Reichert-Jung ultracut E ultramicrotome, stained with a double 
staining (1% methylene blue and 1% azur II in 1% borax), and 
mounted in DePeX (Gurr, BDH laboratory, UK). Serial ultrathin 
sections (70 nm) for studying the regions of interest were made using 
a Leica-Ultracut-S-ultramicrotome (Leica, Vienna, Austria), mounted 
on formvar-coated single-slot copper grids (Agar Scientific, Stansted, 
UK) and contrasted with lead citrate and uranyl acetate (EMstain, 
Leica). Observations were made with a JEM-1010 transmission 
electron microscope (Jeol, Tokyo, Japan) operating at 60 kV, and 
pictures were digitalized using a DITABIS system (Pforzheim, 
GERMANY). 
Amputation to force regeneration 
To study possible rejuvenation effects of regeneration at both the 
organismal and stem cell level, the body of individuals was removed 
with a transverse cut at the anterior tip of the testes with a fine steel 
surgical blade (SM62, Swann-Morton) while the worm was placed in 
a small drop of 1:1 f/2:MgCl2 (7.14%) on the lid of a Petri dish. 
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According to Egger et al. (2006), regeneration after amputation at this 
level takes about 17 days. Here, animals (n=100 in total) were cut 21 
days before the biomarkers were studied in the regenerated animals.  
Reproductive rate during ageing and rejuvenation  
To facilitate insight into this experiment, the design is visualised in 
Figure 1. The age-dependent fecundity was quantified monthly. For 
every time point ten pairs comprising one aged (9 till 39 weeks) and 
one young (4 to 5 weeks) worm, and ten control pairs comprising two 
young worms were simultaneously formed and kept together for 24 
hours in 12-well plates, during which the worms had time to mate and 
exchange sperm for the first time in their life. To study if regeneration 
leads to rejuvenation, we included for the last time point only (39 
weeks) ten additional pairs formed from one aged, recently-
regenerated worm and one young (4 to 5 weeks) worm. After this 
mating treatment all pairs were separated and the individuals were 
transferred to new wells with fresh food and medium every two days. 
To allow visual differentiation between the aged and young worms, 
the latter were labelled with Neococcine (Sigma Aldrich) by 
maintaining them in a solution of 7 mg Neococcine per ml f/2 
medium for three days prior to pairing. In the control pairs one of the 
individuals also received the Neococcine treatment, so this dye 
treatment was balanced over all treatment groups.  
The number of juveniles per adult, originating from eggs laid during 
the first eight days after pairing, was used to quantify fecundity. As 
M. lignano is a simultaneous hermaphrodite, each individual has both 
a male and a female reproductive function. During the pairing-period, 
aged worms fertilised young worms and were fertilised themselves by 
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the young worms. As a result, eggs laid by the aged worm represent 
its female function, while eggs laid by the young worm represent the 
male function of the aged worm. In contrast, the reproductive rates of 
the control pairs reflect the baseline rate of young adults. The female 
fecundity of the unstained control worms was compared to the female 
fecundity of the aged worms, while the female fecundity of the 
stained control worms was compared to the male fecundity of the 
aged worms.       
During the complete experiment, pairs and individual worms were 
maintained in 12-well plates with f/2 medium and ad libitum diatoms. 
All used worms were virgin.   
The number of cells per individual as a function of age 
The total number of cell nuclei of 15 individually macerated 4, 15, 29, 
and 40 weeks old animals was quantified using flow cytometry. To 
restrict age-independent variability, the ageing cohorts were started 
on different times, so that maceration and flow cytometry of all ages 
could be performed on the same day. The maceration protocol was 
modified from Ladurner et al. (2000). Worms were placed 
individually in 5ml tubes, washed thrice in calcium/magnesium-free 
medium (CMF) (3x10 minutes) and incubated in 65 µl CMF plus 1% 
trypsin for 1 h at 37°C. A 65 µl 1:1:13 glacial acetic acid: glycerol: 
distilled water - 9% sucrose solution was added and animals were 
carefully pipetted up and down until they fell apart into single cells. 
For further sample preparation, the buffer system described by Otto 
(1990) was used. Per sample, 300 µl 0.1 M citric acid monohydrate 
plus 0.5% Tween 20 and 600 µl 0.4 M Na2HPO4.12H2O plus 2 mg/l 
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4’,6-diamidino-2-phenylindole (DAPI) were added, after which 
samples were filtered through a 50 µm Partec Celltrics® filter.     
A flow cytometer, CyFlow Space (Partec, Münster, Germany), 
equipped with a UV (365 nm) light emitting diode and a 250 x 250 
µm synthetic quartz cuvette was used for the nucleus count. The total 
number of cells per individual is extrapolated, based on the cytometer 
counting volume of 200 µl. The accuracy of this volumetric counting 
was checked using countcheck beads (Partec, Münster, Germany) 
prior to the analysis. Obtained data were analyzed using FLomax 
software (Partec, Münster, Germany). Gates2 were put manually 
around the peaks. 
The age-dependent number of S-phase and M-phase neoblasts 
The number of neoblasts in the S-phase and in the M-phase of the cell 
cycle was determined in ten 14, 29, and 40 weeks old individuals and 
ten young (4 to 5 weeks) control individuals for every age group. In 
order to study rejuvenation, ten regenerated 40 weeks old worms were 
labelled. At every age, all worms were labelled simultaneously with 
the same antibody cocktail, thus effectively avoiding potential batch 
effects within age groups.  
The double labelling protocol of S-phase and M-phase neoblasts in 
whole-mount individuals was modified from Nimeth et al. (2004). 
Animals were soaked in culture medium containing 5mM 
bromodeoxyuridine (BrdU; Sigma Aldrich), which is incorporated in 
the DNA during S-phase (30 minutes). Afterwards, they were 
anaesthetised in 1:1 7.14% MgCl2:artificial sea water (ASW) and 
                                                     
2
 Gates indicate the borders of the studied peaks and allow to quantify the 
number of cells within these borders of the made selection. 
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fixed in 4% paraformaldehyde (60 minutes), followed by several 
rinses with phosphate buffered saline (PBS) and incubation in PBS-T 
(PBS, 0.1% Triton X-100; 60 minutes). Specimens were incubated in 
0.2 mg/ml protease XIV at 37°C under visual control, exposed to 
0.1N HCl on ice (10 minutes) and 2N HCl at 37°C (60 minutes), 
washed several times with PBS, and blocked in BSA-T (bovine serum 
albumin, 0.1% Triton X-100; 30 minutes). Animals were incubated in 
a mixture of primary rat anti-BrdU antibody (AbD Serotec; 1:800 in 
BSA-T) and primary anti-phospho-histone H3 mitosis marker 
(Millipore; 1:100 in BSA-T) at 4°C overnight. After being washed 
several times with PBS, animals were incubated in a cocktail of 
fluorescein isothiocyanate (FITC)-conjugated donkey anti-rat 
(Rockland; 1:200 in BSA-T) and rhodamine-conjugated goat anti-
rabbit (Millipore; 1:150 in BSA-T) secondary antibodies for 1h at 
room temperature. After several rinses with PBS, slides were 
mounted using Vectashield (Vector Laboratories) and observed with a 
Nikon Eclipse TE2000-S confocal laser scanning microscope. The 
number of labelled neoblasts in the whole body was quantified on the 
confocal images, using the cell counter plug-in for the free software 
program Image J (Abramoff et al., 2004).  
During tissue homeostasis, the rate of cell renewal not only depends 
on the number of proliferating neoblasts, but also on the number of 
differentiated cells which have to be replaced. Therefore, the 
availability of proliferating neoblasts in terms of cell renewal is better 
described by the neoblast density than by their absolute number 
(Balázs, 1970; Lange, 1968). To calculate the density of proliferating 
neoblasts, the absolute number of labelled cells was divided through 
the volume (mm3) of the individual in which the cells were quantified. 
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The volume was determined by multiplying the surface area and 
thickness of the animals. Surface area was quantified with the 
measure tool in Image J and thickness was determined by counting 
the number of 1µm stacks between the upper and lower body surface 
of the animal.   
The number and densities of cycling neoblasts in the testes was 
obtained in the same manner, using the same animals. Because M. 
lignano has a transparent body, the region of the testes can be 
determined in interference contrast images included in the confocal 
stacks.  
Statistical analyses 
To investigate whether the fecundity decreases in aged compared to 
control worms, a generalized linear model (GLM) was used. The 
model contained the treatment (aged vs. control) as a fixed factor and 
age as a covariate (note that treating age as a fixed factor did not 
affect the conclusions, data not shown). Moreover, we also tested for 
an interaction between treatment and age. We used a quasipoisson 
distribution with a log link function because the fecundity data are 
count data and were strongly overdispersed with respect to a poisson 
distribution. Data for male and female fecundity were analysed 
separately. 
To study whether regeneration in aged worms (39 weeks) leads to a 
recovery of fecundity, the fecundity of regenerated and non-
regenerated aged animals and young controls was compared. Data for 
male and female fecundity were analysed separately. To cope with the 
very high number of zeros in the data, the fecundity data were coded 
as two states: offspring produced = yes; no offspring produced = no. 
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The resulting table was tested with a 3x2 Fisher Exact Test. When a 
significant P-value was obtained, all possible 2x2 tables were tested 
to understand where the significance comes from, using a new 
significance criterion obtained by a Bonferroni correction (to control 
for multiple post hoc testing).  
Changes in the age-dependent number of cells per individual were 
analysed by an ANOVA (PROC GLM) and a post-hoc Tukey test. To 
obtain data that fulfil the assumptions of parametric test statistics, the 
data were log-transformed for analysis. 
To investigate the presence of an age-dependent decrease in neoblast 
functionality, a two-way ANOVA (PROC GLM) of both the S-phase 
and M-phase data was performed. In this analysis, the effect of 
treatment (aged vs. control), age and their interaction treatment*age 
were related to both S-phase and M-phase neoblast densities. Both 
treatment and age were treated as discrete variables. Statistical 
analysis of absolute numbers resulted in the same conclusions, but 
these are for aforementioned reasons not reported.   
To study if regeneration induces rejuvenation at the neoblast-level, an 
ANOVA (PROC GLM) comparing the neoblasts densities of 
regenerated and and non-regenerated 40 weeks old and control 
individuals was carried out, followed by post-hoc Tukey tests.  
To study the effects of ageing and rejuvenation on testes homeostasis, 
the same analyses were carried out using the testes subset of the S- 
and M-phase density data of regenerated and non-regenerated 40 
weeks old worms and controls. The S-phase subset was log-
transformed to obtain a normal distribution.    
All analyses were done with SAS 9.2, except those of the fecundity 
data for which the package 'car' in R 2.12.1 (R Development Core 
 114
Team 2009) was used. Unless mentioned otherwise, assumptions of 
normality and homoscedasticity were met and effects were considered 
significant at a P level < 0.05.    
Results 
To be able to easily distinguish between the ageing and rejuvenation 
data, we first describe all results corresponding with ageing. The 
rejuvenation data are presented together at the end of the results. 
Reproductive rate decreases during ageing 
An age-dependent difference in the reproductive rate was observed 
for both the male and female function of the aged worms. The male 
fecundity of the aged animals was significantly lower than that of the 
controls (treatment: P < 0.0001, Fig. 2A); Moreover, the male 
fecundity further decreased over time in the aged, but not in the 
control worms, as judged by the absence of an overall time effect (P = 
0.58) and a significant treatment x time interaction effect (P = 0.008, 
Fig 2A). This drop over time can already be observed during the ninth 
week, indicating that the decrease in male fecundity starts relatively 
early in life. The fecundity for the female function was also lower in 
aged compared to control worms (treatment: P < 0.0001, Fig. 2B), but 
it differed somewhat from that of the male function. The female 
fecundity of the aged animals was already low during the ninth week 
and remained rather constant during the rest of the experiment, as 
judged by the lack of an overall time effect (P = 0.33) or an effect of 
the interaction (P = 0.47).  
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Cyst incidence increases with age  
The proportion of individuals bearing cysts changed with age. At the 
age of 6 weeks, none of the thirty studied animals had cysts. At the 
age of 23 weeks cysts were observed in 47% of the studied worms 
and this further increased to 77% at the age of 42 weeks. 
A large variation in anatomical location, size and number of cysts per 
individual was observed by light-microscopical studies (Fig. 3A-C). 
Electron microscopy revealed that cysts are cavities located in the 
mesoderm, which are bordered by the epidermal layer of the 
invaginating body wall and remain in contact with the outside world 
through a porus (Fig. 3D, E). The tissues surrounding cysts often had 
a slightly squeezed appearance and in the presence of a large cyst, 
whole organs, e.g. the testis, can be displaced. Lethality caused by 
cysts seems to be size-dependent. Worms with one or more small 
cysts were often observed to live on for several months. In contrast, 
individuals having a large cyst, encompassing one third of the body or 
more, always died within the month of its first observation.   
Age-dependent decrease in density of M-phase, but not in S-phase 
neoblasts 
Flow cytometry demonstrated that the total number of cells in the 4 
weeks old adults is significantly less than that in the older animals (P 
< 0.001), which do not differ significantly from each other (15-29 
weeks: P=0.97, 15-40 weeks: P=1.00, 29-40 weeks: P=0.94, Fig. 4).  
Figure 5 presents individuals with labelled S-phase and M-phase 
neoblasts of every studied age. The absolute numbers of the S-phase 
and M-phase neoblasts in whole mounts are presented in Table 2 and 
3, respectively. The corresponding densities are presented in Figure 6. 
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The density of S-phase neoblasts did not decrease with advancing age 
(Fig. 6a) and no significant differences were found between aged and 
control worms (treatment: P = 0.48). The M-phase neoblast density 
decreased significantly with advancing age (treatment: P = 0.0090; 
age*treatment: P = 0.0091) (Fig. 6b). Post-hoc analyses showed a 
significant difference between aged and control worms only at the age 
of 40 weeks (P = 0.0049).  
Maintenance of a specific organ, i.e. the testes, followed the same 
patterns as maintenance of the complete animals (Table 4). The M-
phase neoblast density in the testes of 40 weeks old worms decreased 
significantly in comparison to that of the controls (P = 0.0397), while 
there is no significant difference between the testicular S-phase 
neoblast density of 40 weeks old and control worms (P = 0.7822).  
Regeneration causes an increase in male fecundity and density of 
M-phase neoblasts 
To study rejuvenation, the effect of regeneration on fecundity and 
neoblast proliferation of aged animals was investigated (see Material 
and methods for the experimental design). For both biomarkers, the 
differences between the regenerated aged, non-regenerated aged and 
young control worms were analysed. Morphological observations 
showed that the regeneration of the aged animals was completed 
within the given time of three weeks.   
The male fecundity of the aged worms was significant lower than that 
of the controls (P = 0.0015). The male fecundity of the regenerated 
aged animals was significantly higher than that of the non-regenerated 
aged worms (P = 0.0054) and did not differ significantly from the 
controls (P = 0.67) (Table 1). For the female fecundity, no significant 
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differences were observed between regenerated and non-regenerated 
aged and control worms, given the lack of overall significance for the 
3x2 table (P = 0.27) (Table1).  
The density of M-phase neoblasts of the whole body was significant 
lower in 40 weeks old animals than in controls (P = 0.0001). The 
density of M-phase neoblasts of the regenerated aged individuals was 
significantly higher than that of the non-regenerated aged worms (P < 
0.0001) and control worms (P = 0.0179) (Fig. 6). Data on testes were 
similar to the whole mount data as the M-phase neoblast density of 
the regenerated animals was significantly higher than that of both the 
non-regenerated aged (P < 0.0001) and control (P = 0.0033) worms 
(Table 4).   
Discussion 
Organismal ageing in Macrostomum lignano 
In the scarce flatworm ageing literature, mainly describing triclads, it 
is sometimes stated that flatworms do not age at all (Haranghy and 
Balázs, 1964). Therefore, demonstrating ageing is an important step 
in the development of a flatworm ageing/rejuvenation model. Ageing 
is generally defined as the progressive loss of function, leading to 
decreasing reproductive rates and an increasing mortality (Flatt and 
Schmidt, 2009; Hughes and Reynolds, 2005; Kirkwood and Austad, 
2000). 
Here, we observed an age-dependent decrease in both the male and 
female reproductive rate, starting early in life. However, the male and 
female fecundity behave differently over time, the decrease of male 
fecundity being more distinct than the female.   
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Possible explanations for the decreasing fecundity with advancing age 
include a decreasing copulation rate in ageing worms and gamete-
ageing due to a long lasting storage. Both hypotheses await further 
experiments. A third possibility is a decreasing production of gametes 
with advancing age, which is confirmed by our data. Studying testes 
maintenance at advanced age revealed that the density of testicular 
M-phase cells was significantly lower in aged animals than in young 
controls. Furthermore, testes of ageing worms have been observed to 
become less distinguishable at the light microscopical level, although 
there is a large variability between individuals (Mouton et al., 2009a). 
Considerable variation as to fecundity between the control groups 
could be observed (Fig. 2.). Age-independent variance may be caused 
by variation in algae quality, which can occur even in standardised 
culture conditions. However, by making control pairs for every age, 
this variation was taken into account in the statistical analysis of the 
age-dependent changes.   
Based on the age-dependent decrease of reproductive rates of M. 
lignano together with the increasing mortality rate that was observed 
earlier in this flatworm (Mouton et al., 2009a), we can conclude that 
Macrostomum lignano clearly ages.  
Somatic maintenance and neoblast proliferation decrease during 
ageing 
Previous observations of the incidence of body-deformities in aged 
animals, e.g. a notched epidermis and cysts, suggested a decreased 
anatomical maintenance and thus disrupted tissue homeostasis in aged 
individuals of M. lignano (Mouton et al., 2010; Mouton et al., 2009a; 
Mouton et al., 2009b). Here, we unambiguously showed the 
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increasing loss of maintenance with advancing age by detailed studies 
of cysts. First, the number of animals displaying cysts was observed 
to increase with advancing age. Second, as cysts are cavities located 
in the mesoderm, bordered by an epidermal layer, they represent a 
loss of tissue and body form. Therefore, the age-dependent increase 
of their presence can be interpreted as a phenotypical expression of a 
decline of somatic maintenance, and thus a disrupted tissue 
homeostasis, during ageing.           
Tissue maintenance is closely related to the availability of functional 
neoblasts since all new cells formed during homeostasis originate 
from the proliferating neoblasts (Beltrami et al., 2011; Nimeth et al., 
2002; Pellettieri and Alvarado, 2007; Rossi et al., 2008; Sharpless and 
DePinho, 2007). Therefore, we determined the S-phase and M-phase 
neoblast densities in ageing M. lignano. We observed an age-
dependent decrease in the density of M-phase cells in whole mounts 
and in the testes as representative of a specific organ. In contrast, S-
phase densities did not decrease with advancing ageing. These 
observations can be explained by a temporary or definitive cell cycle 
arrest between S-phase and M-phase on one hand and cell death 
between these phases on the other hand. Arresting the cell cycle 
between these two phases is possible in the G2 checkpoint, which 
inhibits entry into mitosis of cells containing damaged DNA. This 
provides time to repair DNA damage or hand the opportunity to 
permanently arrest cells with severe damage (Nyberg et al., 2002; 
Sancar et al., 2004; Taylor and Stark, 2001). These responses are 
important to protect organisms from tumour formation (Taylor and 
Stark, 2001). Furthermore, DNA damage is postulated as one of the 
most important causes of intrinsic stem cell ageing (Rossi et al., 2008; 
 120
Sharpless and DePinho, 2007; Sharpless and Schatten, 2009). The 
decreasing mitotic activity of neoblasts observed here, in combination 
with the constant density of S-phase neoblasts, may therefore suggest 
intrinsic neoblast ageing in M. lignano3.   
In flatworms, the importance of the G2 phase in regulating neoblast 
proliferation has only recently become clear. Just as ageing, exposure 
of individuals of M. lignano to high concentrations of cadmium 
results in a decreasing number of labelled M-phase cells, while the 
number of labelled S-phase cells remains constant (Pers. comm. 
Michelle Plusquin). Besides elongation of the G2 phase, the 
possibility of acceleration of this cell cycle phase is suggested by 
Wenemoser and Reddien (2010). Performing amputation in 
Schmidtea mediterranea caused an increase in the number of M-phase 
cells, while the number of S-phase neoblasts did not change. 
Note that decreasing stem cell functionality can not only be caused by 
intrinsic neoblast ageing, but also by extrinsic age-related changes in 
the local environment (niche) and systemic milieu (e.g. nervous 
system) (Rando, 2006). In flatworms, the nervous system has long 
been considered to play a key role in regulating neoblast proliferation 
during homeostasis and regeneration (Balázs, 1970; Bode et al., 2006; 
Egger et al., 2007; Reuter and Kreshchenko, 2004). Extrinsic factors 
can thus play an important role in the observed decrease of neoblast 
functionality in M. lignano. The possibility to test the different cell-
intrinsic and cell-extrinsic causes of neoblast ageing in our model 
species could place Macrostomum in a key position in stem cell 
ageing research. 
                                                     
3
 An extended discussion of these observations, and the importance of the G2 
checkpoint can be found in the general discussion: 7.2.2.2.  
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Regeneration induces rejuvenation 
In M. lignano, repeated regeneration has been shown to increase the 
lifespan (Egger, 2008; Egger et al., 2006). However, a lifespan-
extension alone is not enough to support the rejuvenation hypothesis. 
We asked whether regeneration actually causes rejuvenation by 
testing if it causes a reversal of the here observed age-dependent 
changes.  
Although a reduced capacity to regenerate injured tissues or organs is 
a prominent hallmark of senescence (Ho et al., 2005), all regenerated 
aged animals were still able to regenerate all lost tissues within the 
given time frame of three weeks.  
At the organismal level, regeneration restored the decreased male 
fecundity of aged animals to levels similar to those of 39 weeks old 
controls. This unambiguously demonstrates rejuvenation of the 
individual. Organismal rejuvenation can be explained by the 
formation of a new body and thus the replacement of old cells and 
tissues by new ones during regeneration.  
Importantly, not only the differentiated cells, but also the neoblasts 
have to rejuvenate during regeneration. After all, they are responsible 
for the maintenance of the new body and a decreased cell renewal due 
to aged neoblasts would inhibit the rejuvenation.  
At the level of the neoblasts, completely regenerated aged animals 
were observed to have a higher M-phase neoblast density than the 
aged non-regenerated and even the young control animals. 
Furthermore, similar results were obtained in the testes. This reversal 
of the age-dependent decrease of M-phase neoblast densities clearly 
demonstrates rejuvenation at the stem cell level.  
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Conclusion 
Organismal ageing of Macrostomum lignano was shown by the age-
dependent decrease of reproductive rates. We demonstrate that both 
the anatomical maintenance and neoblast functionality decrease with 
advancing age in M. lignano. This is shown by the age-dependent 
increase in the number of individuals displaying cysts, and the 
decrease in the density of mitotic neoblasts, respectively. 
Furthermore, we provide the first experimental evidence that in M. 
lignano, regeneration causes an actual rejuvenation at both the 
organismal and stem cell level. This is demonstrated by the increased 
male fecundity and the increased density of mitotic neoblasts after 
regeneration. Both the flatworm ageing and rejuvenation hypotheses 
are thus confirmed for M. lignano.    
Our dataset exemplifies the importance of Macrostomum lignano as a 
model for studying ageing and rejuvenation at the different levels of 
organisation. Because of its accessible neoblast population, it can play 
a key role in characterising in vivo stem cell ageing and rejuvenation.  
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Tables and Figures 
 
Table 1. 
The male and female fecundity data are presented as average ± standard 
deviation. “Reg.” represents the regenerated animals. Age is presented in 
weeks. Controls are 4 to 5 weeks old.  
 Male  Female 
Age Aged Control Reg.  Aged Control Reg. 
9 4 ± 6 6 ± 7   4 ± 3 8 ± 9  
13 4 ± 7 7 ± 7   9 ± 9 11 ± 8  
18 0 ± 0 10 ± 6   2 ± 3 12 ± 8  
22 1 ± 2 7 ± 8   3 ± 4 5 ± 6  
26 1 ± 2 8 ± 5   4 ± 4 13 ± 8  
30 3 ± 4 12 ± 5   3 ± 4 9 ± 8  
35 1 ± 1 9 ± 7   5 ± 6 8 ± 7  
39 0 ± 0 5 ± 6 7 ± 8  4 ± 5 9 ± 7 5 ± 6 
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Age Absolute numbers 
 Aged Control Reg. 
14 501 ± 95 578 ± 159  
29 523 ± 107 488 ± 131  
40 596 ± 128 556 ± 65 515 ± 69 
 
Table 2. 
The absolute number of S-phase neoblasts in the whole body, presented as 
average ± standard deviation. “Reg” represents regenerated animals. Age is 
presented in weeks. Controls are 4 to 5 weeks old.  
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Age Absolute numbers  
 Aged Control Reg. 
14 85 ± 22 92 ± 28  
29 120 ± 42 121 ± 29  
40 42 ± 16 82 ± 22 96 ± 23 
 
Table 3.  
The absolute number of M-phase neoblasts in the whole body, presented as 
average ± standard deviation. “Reg” represents regenerated animals. Age is 
presented in weeks. Controls are 4 to 5 weeks old.  
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Cell-cycle phase Absolute numbers 
 Aged Control Reg. 
S-phase 175 ± 30 135 ± 22 167 ± 29 
M-phase 10 ± 6 16 ± 7 24 ± 7 
    
Cell-cycle phase Densities 
 Aged Control Reg. 
S-phase 392942 ± 77029 370912 ± 95295 520475 ± 140232 
M-phase 21158 ± 14046 42319 ± 19273 73930 ± 21280 
 
Table 4. 
The number and densities of proliferating cells in the testes, presented as 
average ± standard deviation. Densities are given as labelled cells/mm3. 
“Reg” represents regenerated animals. Aged and regenerated animals are 40 
weeks old, while the controls are 4 to 5 weeks old. 
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Figure 1.  
Scheme clarifying the experimental design of the fecundity 
experiment. The left column shows which worms are paired for 
determining the fecundity of the control, aged and regenerated 
(rejuvenation) worms. All young worms are 4 to 5 weeks old, while 
the age in weeks of the old worms is indicated in brown. Individuals 
labelled with Neococcine are visualised in red. During the experiment, 
the worms are paired for 24 hours to allow mating after which they 
are put individually again. This is visualised with the circles and 
arrows. The number of green juveniles represent the male fecundity, 
and the number of blue juveniles the female fecundity. An extended 












The age-dependent male (A) and female (B) fecundity, presented as 
box-plots. Already in 9 weeks old animals, both the male and the 
female fecundity are lower than in the controls, suggesting an age-
dependent decrease in fecundity early in life. While the male 
fecundity further decreases with advancing age (A), the female 





(A) and (B) illustrate the diversity in location and size of the cysts. Smaller 
cysts are indicated with arrowheads and the larger cysts with an asterisk. The 
animals are 17 (A) and 35 (B) weeks old. Scale bars: 150 µm. (C) 3D 
reconstruction of a body region containing a cyst. Cysts remain in contact 
with the outside world through a porus. Both the cyst (CY) and the porus (P) 
are indicated with an arrow. (D) Electron micrograph of a cross section 
through a cyst. The cyst is clearly bordered by an epidermal layer (indicated 
in purple) similar to the epidermal body wall (ep, purple). Scale bar: 8µm. 
(E) Cross section in the rostrum of a 16 weeks old individual. Both the body 
wall (ep, purple, right) and cyst epidermal layer (ep, purple, left) can be seen. 
In between the two layers, mesodermal structures such as muscle cells (mu, 
green), nervous tissue (nv, yellow), and glands (gl) are still present. Scale 














The number of cells in the body determined by means of flow cytometry 
in animals of 4, 15, 29 and 40 weeks old. Note that young (4 to 5 weeks) 


















Confocal images of labelled neoblasts in the S-phase (green dots) and 
M-phase (red dots) of the cell cycle. Note that the neoblast population 
has a bilateral pattern and an anterior border corresponding with the 
level of the eyes. (A-D) represent respectively non-regenerated 4, 14, 
29, and 40 weeks old animals. (E) is an animal of 40 weeks old, which 
was cut three weeks before the labelling. Note that the non-regenerated 
animal of 40 weeks (D) has clearly less M-phase cells (red dots) than the 
younger and regenerated worms (E). Scale bars: 100 µm. Anterior is to 
the right, posterior is to the left.  
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Figure 6. 
The age-dependent density of S-phase (A) and M-phase (B) neoblasts in the 
whole body. The density of S-phase neoblasts does not differ between aged 
and control worms (A). The density of M-phase neoblasts decreases with 
advancing age, resulting in an increasing difference with the corresponding 
controls. 40 weeks old regenerated animals have a clearly increased density 
of M-phase neoblasts 
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Freshwater planarians have a large totipotent stem cell population 
allowing high rates of cell renewal and morphological plasticity. It is 
often suggested that they are able to rejuvenate during fission, 
regeneration and starvation. These features, together with the rapidly 
expanding molecular toolset, make planarians such as Schmidtea 
polychroa and S. mediterranea interesting for ageing research. Yet, 
the basic demographic and physiological data are lacking or still 
based on fragmentary observations of one century ago. 
Here, we present the first longitudinal physiological study of the 
species Schmidtea polychroa. Survival, size and metabolic rate, 
measured by microcalorimetry, of a cohort of 28 individuals were 
followed over a period of three years. Sexual maturity was reached 
during the second month after which the worms continued growing 
up to 5 months. This initial growth phase was followed by alternating 
periods of synchronised growth and degrowth. Although mass-
specific metabolic rates declined during the initial growth phase, no 
changes were found later in life. The absence of metabolic ageing 
may be explained by the very high rate of cell renewal during 
homeostasis and alternating phases of degrowth and growth during 
which tissues are renewed.  
Surprisingly, all deaths occurred in pairs of worms that were housed 
in the same culture recipient, suggesting that worms did not die from 
ageing. Taking into account the metabolic and demographic data, we 
suggest that S. polychroa shows negligible ageing. 
Detailed analyses of size and metabolic rate revealed a remarkable 
biphasic allometric scaling relation. During the initial growth phase 
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(month 1-5) the allometric scaling exponent b was 0.86 while later in 
life, it increased to an unusually large value of 1.17, indicating that 
mass-specific metabolic rate increases with size in adult S. polychroa.  
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Introduction 
Due to their high regenerative capacity and active stem cell 
population, freshwater planarians have drawn attention of 
biogerontologists. These worms maintain a stable population of 
totipotent stem cells, which are the only proliferating cells in the adult 
body (Baguñà and Slack, 1981; Newmark and Alvarado, 2002). 
These cells, called neoblasts, are responsible for the very high rate of 
somatic cell renewal during normal tissue homeostasis (Pellettieri and 
Alvarado, 2007). They also allow an impressive morphological 
plasticity of the planarian during fission (asexual reproduction), 
regeneration (ability to regenerate a complete organism from any tiny 
body fragment), and starvation (controlled shrinkage during 
prolonged starvation) (Saló, 2006). 
Interestingly, these three processes are often claimed to induce 
rejuvenation in these worms. This is based on the observations of an 
everlasting clonal lifespan in asexuals, a lifespan extension after 
inducing regeneration or starvation and the classical metabolic 
experiments of Child and Hyman (Child, 1911; Child, 1915; Egger et 
al., 2006; Haranghy and Balázs, 1964; Hyman, 1919a; Hyman, 
1919b; Hyman, 1919c). Child and Hyman indirectly measured 
oxygen consumption by means of the susceptibility and Winkler 
methods and found that planarian metabolic rate appeared to decrease 
with age. After fission, regeneration and starvation, they noticed that 
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metabolic rates were restored to juvenile levels, leading to the 
conclusion that these are rejuvenating transformations (Child, 1911; 
Child, 1915; Hyman, 1919a; Hyman, 1919b; Hyman, 1919c).  These 
metabolic data should be interpreted with caution. Hyman studied 
metabolic changes only during development and not during the 
ageing process (Hyman, 1919a). Child measured metabolic rates 
during both development and adulthood, but the adults were selected 
based on their size, which was used as a proxy of physiological age 
(Child, 1911; Child, 1915). Because adult planarians may repeatedly 
grow and shrink during adulthood, this study is severely flawed and 
little can be derived concerning metabolic patterns in ageing 
planarians. In addition, the rejuvenation hypothesis became equivocal 
as later metabolic studies of fission, regeneration and starvation 
reported contradictory results (Allen, 1919; Brøndsted, 1969; 
Pedersen, 1956). Surprisingly, no genuine longitudinal metabolic 
studies of ageing flatworm cohorts have been performed and it is yet 
unknown whether these animals show a clear metabolic decline at 
advanced age or whether metabolic rejuvenation occurs after 
regeneration or starvation. 
In the three-year longitudinal study presented here, we analyse the 
correlation among size, age and metabolic rate during both 
development and adulthood of the planarian Schmidtea polychroa. 
Our data provide evidence that mass-specific metabolic rate decreases 
during the initial growth period, but remains constant during 
adulthood. Our demographic data suggests that this planarian species 
may not age significantly after all. We further show a remarkable 
morphological plasticity in our flatworm cohorts and suggest that 
there is an age-related biphasic allometric scaling relation. 
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Material and methods 
Species, culture and design of the longitudinal experiment 
S. polychroa is a free-living freshwater planarian (Platyhelminthes). 
Because it is a cocoon-laying species, the lifespan can be simply 
defined as the time from hatching till death.  
Standard lab cultures were maintained in square plastic containers 
with a surface of about 200 cm2, filled with about 300 ml 1:1 tap 
water:distilled water and incubated at 20°C in the dark. The worms 
were fed weekly with raw veal liver.  Small pieces of liver, purchased 
locally every few months, were kept at -20°C and before feeding, 
several of these pieces were chopped into thin slices while they 
thawed. After the worms stopped showing feeding behaviour (usually 
about 4 hours) cocoons were collected, containers were cleaned and 
the medium was renewed. The collected cocoons were kept in a Petri 
dish with fresh medium. 
 For the longitudinal study, individuals of the same age were obtained 
by collecting juveniles that hatched within a 24-hour time frame from 
several cocoons produced by a batch of about 30 parthenogenic 
adults. The experiment started with 14 replicates. Each replicate 
contained 2 animals as sufficient biomass was necessary for accurate 
microcalorimetry. The experimental animals were maintained, per 
replicate, in a Petri dish under the same conditions as the standard 
cultures. Survival was scored weekly, after feeding. If one of the two 
individuals died, the replicate was excluded from further metabolic 
measurements. Metabolic rate was measured monthly, three days 
after feeding to control for the influence of food intake and digestion 
on metabolic rate. One day after microcalorimetry, pictures were 
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taken for automated analysis of body surface. As accurate life tables 
of S. polychroa do not exist, we ran the study until the median 
lifespan of the cohort was reached. 
Measuring metabolic rate and normalisation to body surface  
During the longitudinal study, metabolic rate and a normalisation 
parameter were measured in a non-destructive manner.  Metabolic 
rate was determined by means of microcalorimetry, a very accurate 
technique that directly measures metabolic heat which reflects total 
catabolism, including fermentation (Braeckman et al., 2002a; 
Braeckman et al., 2002b). The metabolic heat produced by each 
replicate was quantified with the thermal activity monitor from 
Thermometric (Järfälla, Sweden). Before measurement, the two 
worms of a replicate were transferred to a 20-ml glass ampoule 
containing 2 ml culture medium. After a 1–2 h equilibration period, 
stable power (µW) recordings were obtained for at least 3 hours at 
24°C.  
Mass-specific metabolic rate was obtained by dividing the total heat 
production rate of a replicate by the summed surface area of the two 
worms. Worm surface area was measured by transferring the slow 
moving animals to a moist rolling paper. At each time point, five 
replicate photographs of each individual were taken with an Olympus 
C-5050 Zoom camera mounted on an Olympus SZX12 stereo 
microscope. Body surfaces were quantified by semi-automated image 
analysis (KS400 software, ZEISS). 
To verify whether body surface area is an appropriate normalisation 
parameter, body surface and the commonly used biomass proxies 
protein content and wet weight were measured in 48 individuals of 
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different sizes. We found a highly significant correlation between 
body surface and both protein content (R2 = 0.97; P< 0.0001) and wet 
weight (R2 = 0.97; P< 0.0001) (Figure 1). 
Statistical analyses 
The accuracy of body surface as normalisation parameter was verified 
by performing Pearson’s product – momentum correlation tests 
between body surface, wet weight and protein content. 
Because of the limited population size, mortality rates were calculated 
over 5-month intervals. To test if the log mortality rate significantly 
increases with age, a linear regression analysis was performed.  
To investigate whether age and/or size had a significant effect on 
mass-specific metabolic rate, a linear mixed model was fitted to the 
data (Proc mixed SAS 9.2). Here, we related the effect of ‘age’, ‘body 
surface’ and their interaction ‘age*body surface’ to the mass-specific 
metabolic rate. Both independent variables were treated as continuous 
variables. As the same replicates were repeatedly measured over time, 
replicate and its interaction with age were included as random effects. 
Detailed analyses were performed on the following data subsets: 
development (months 1-3), the initial growth phase (months 1-5) and 
adulthood (≥ 3 months). 
For the determination of the scaling exponent b during the complete 
lifespan, we log-transformed all body surface and metabolic rate data. 
Data from worm replicates undergoing the typical severe degrowth (< 
35mm2) which is preceding death were censored. Next, linear 
regression was performed and the parameter values were determined. 
This function can be written as the log form of the allometric scaling 
law, logY = logY0 + b*logM, in which b represents the slope. Y 
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represents the metabolic heat production rate, M is the total body 
surface and Y0 is a constant characteristic to the species (West et al., 
1997). To test whether the b-value differed significantly from 0.75 
and 1, one sample median tests were performed. 
To study the allometric scaling relation in several data subsets in 
detail, linear regression analyses of the log-transformed body surface 
and mass-specific metabolic rate data of the complete lifespan, initial 
growth phase (month 1-5), adulthood (≥ 3 months), adult growth (17-
22, 25-27 months), and adult degrowth (20-23, 27-29 months) were 
carried out. Phases of adult growth and degrowth during these two 
periods were determined per replicate.   Furthermore, Mann-Whitney 
U Tests were performed to compare young growing adults (3-5 
months old) with all older adults showing morphological plasticity on 
the one hand and to compare adult growth with degrowth during 
above mentioned periods on the other hand. 
To compare the mass-specific metabolic rate of consecutive growth 
phases (9-11, 17-20, 25-27 months), a linear regression analysis was 
performed. 
All analyses were performed with Statistica 7, except the linear mixed 
model for which SAS 9.2 was used. In all statistical analyses, we 
considered the effects significant at a P level < 0.05. 
Results and discussion 
S. polychroa shows high morphological plasticity during its long 
lifespan  
During the three-year period of the experiment, we observed an 
impressive morphological plasticity with advancing age. After sexual 
maturation during the second month, the initial growth phase 
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continued up to the fifth month in life. From then onward, the 
flatworms undergo alternating phases of degrowth and growth which 
occur rather synchronically between (Figure 2a) and within (Figure 
2b) all replicates. This remarkable phenomenon is hard to explain. A 
seasonal clock could underlie physiological fluctuations in animals 
kept under laboratory conditions (Pengelley and Asmundson, 1969), 
but the body size fluctuations we observed did not show a clear-cut 
circannual rhythm. Abiotic culture conditions (temperature, medium 
type, continuous darkness, constant feeding schedule) were kept 
constant during the complete experiment. However, small variations 
in the composition of the medium or phytochemical contaminants in 
the liver batches may have influenced the dramatic periods of growth 
or degrowth.  
In contrast to the classic developmental models, in which 
development takes place only once and the pattern becomes fixed 
until the next generation, planarians seem to regulate their 
morphogenetic process continuously (Saló, 2006). During adulthood, 
the total body surface per replicate (two worms) varies between 35 
and 100 mm2. However, death is usually preceded by a period of 
intense degrowth, resulting in small worms of juvenile-like size (≤ 
35mm2 per two worms), some of which showed some deformations. 
It would be interesting to find out whether this is a process of 
controlled degrowth or an uncontrolled shrinkage because of 
compromised cellular homeostasis. To our surprise, this phenomenon 
seemed to be contagious as it was always observed in both individuals 
of the same replicate (Figure 2c). We cannot exclude pathological 
effects although we found no clear signs of bacterial or fungal 
infection, which are known problems in planarian cultures (Haranghy 
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and Balázs, 1964; Oviedo et al., 2008). The typical symptoms such as 
a bad medium odour, the presence of lesions and tissue-loss at the 
anterior end were not present. 
The replicate worm pairs also died together in a narrow time interval 
of 2 to 12 weeks (Table 1). The median lifespan of the experimental 
cohort was reached at the age of 34 months (Figure 3a), when both 
individuals of seven replicates died. In each of the remaining 
replicates, both individuals were still alive. A median lifespan of 34 
months is much larger than expected based on the existing literature. 
Detailed mortality tables of planarians are not available, but there are 
some reports on old age and maximum lifespan. For S. polychroa, 
Voigt (1928) observed a maximum lifespan of 9.5 months at room 
temperature and 43.5 months for individuals kept on a meagre diet in 
the cold, two conditions that are known to extend the lifespan. Lindh 
(1957) described two-year old individuals as being “very old” (see 
references in Haranghy and Balázs, 1964).  
Demographically, ageing is demonstrated by the exponential increase 
of the age-specific mortality rate and a resulting sigmoid shape of the 
survival curve (Arking, 1998). In non-ageing animals, where death is 
caused by random external influences, the survival curve is L-shaped 
(Arking, 1998). Here, the mortality rate did not seem to increase 
significantly (R2 = 0.51; P = 0.17) with age and the obtained survival 
curve is rather linear (Figure 3b). Due to the small initial population 
size (n=28) it is impossible to obtain high resolution demographic 
data and draw any conclusions about ageing rates. However, the 
combined observation that the median lifespan of these small animals 
was almost three years and that most animals died in pairs, suggests 
that ageing rates may be negligible. 
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Do young flatworms have an increased mass-specific metabolic 
rate? 
The highest peak of mass-specific metabolic rate was observed in 
one-month old individuals (1.01µW/mm2, Figure 4), hinting at a 
decreasing metabolic rate during development. Indeed, during the 
initial growth phase (months 1-5), both age (F1, 13 = 5.85; P = 0.03) 
and size (F1, 13 = 6.94; P < 0.01) were found to have a significant 
negative effect on mass-specific metabolic rate. Furthermore, their 
effect is synergetic (F1, 27 = 10.87; P = 0.003). In other words, the 
mass-specific metabolic rate decreases as animals are growing during 
the first months of their life. This observation seems to confirm the 
conclusion of Child and Hyman, postulating that small (juvenile) 
planarians maintain higher mass-specific metabolic rates than large 
(mature) individuals  (Child, 1915; Hyman, 1919a).  
Mass-specific metabolic rate does not decline during adulthood 
We anticipated a decline of mass-specific metabolic rate during the 
ageing process of S. polychroa. This would have been an interesting 
starting phenotype to test potential metabolic rejuvenation after 
starvation or after inducing regeneration of specific body parts. To 
our surprise, we could not detect a significant decline in mass-specific 
metabolic rate over time in adults (F1, 13 = 0.05; P = 0.82) (Figure 4). 
The absence of metabolic ageing can be explained by high rates of 
cell renewal during homeostasis (Pellettieri and Alvarado, 2007). As 
old and damaged cells are continuously replaced by new cells, 
produced by the neoblasts, the body may maintain a metabolically 
young status. One should keep in mind that each tissue type may have 
a unique cellular turnover rate and may age at different pace (Rando, 
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2006). Yet, nothing is known about tissue-specific turnover rates in 
planarians and replicative ageing of the neoblasts. Additionally, the 
maintenance of a youthful status during adulthood may also be 
promoted by alternating phases of degrowth (cell removal) and 
growth (tissue formation).  Considering the high mass-specific 
metabolic rates found in juveniles, it would be reasonable to expect 
temporary increases of mass-specific metabolic rate during adult 
growth phases and corresponding declines during periods of 
degrowth. This assumption is not supported by our data; no 
significant difference (P = 0.62) could be found in mass-specific 
metabolic rate during growth and degrowth. Thus, mass-specific 
metabolic rate appears constant over adult age. We also asked 
whether mass-specific metabolic rates decreased over consecutive 
cycles of regrowth, which may possibly represent an estimate of stem 
cell ageing. We compared the mass-specific metabolic rate of 
replicates exhibiting growth during the periods 9-11 months (0.67 ± 
0.08 standard deviation (s.d.) µW/mm2), 17-20 months (0.79 ± 0.12 
s.d. µW/mm2) and 25-27 months (0.68 ± 0.09 s.d. µW/mm2). Linear 
regression demonstrated that there is no decreasing trend (R2 = 0.01; 
P = 0.32) which is not indicative for stem cell ageing. 
In other vertebrate and invertebrate species, both metabolic constancy 
and decline have been observed during ageing (Chappell et al., 2003; 
Galbraith et al., 1999; Greenberg, 1999; Keys et al., 1973; Klausen et 
al., 1997; Lecomte et al., 2010; Moe et al., 2007; Moe et al., 2009; 
O'Connor et al., 2002; Raman et al., 2007; Ruggiero et al., 2008; 
Speakman et al., 2003; Sukhotin et al., 2002; Vanfleteren and 
DeVreese, 1996). The underlying biological reason for this 
discrepancy is not clear but it may reflect the relative importance of 
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somatic maintenance in the animal. It would be interesting to study 
age-dependent mass-specific metabolic rate in more flatworm species, 
and especially those reproducing through fission and those with 
limited morphological plasticity, regeneration capacity and cell 
renewal. 
In contrast to the initial growth phase, there is an age-independent, 
significant positive effect of size on mass-specific metabolic rate in S. 
polychroa (size effect: F1, 13 = 6.42; P = 0.02; age*body surface: F1, 
304 = 0.22; P = 0.64). This positive effect is rather exceptional and 
therefore, we analysed the relation between metabolic rate and size in 
more detail.  
The allometric scaling relation has an age-related biphasic 
pattern  
The significant positive correlation between size and mass-specific 
metabolic rate in adult S. polychroa is in contrast with the general 
negative allometric scaling relation, predicting that metabolism per 
unit body mass is decreasing with size according to the Brody-Kleiber 
equation (Finch, 1990; West et al., 1997). To study the allometric 
scaling relation in more detail, we calculated the scaling component b 
of specific data subsets. A negative allometric scaling relation is 
reflected by a b-value smaller than 1, while a positive relation is 
indicated by a b-value larger than 1. 
When b was determined over the whole lifespan, including the 
juvenile phase (but censoring data of premortal degrowth as 
pathological effects could not be excluded), we obtained a value of 
0.90 (± 0.03 standard error (s.e.)) while Y0 was 0.04 (± 0.05 s.e.) 
(Figures 5 and 6). In contrast to most other species, the metabolic rate 
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of S. polychroa does not obey the three quarters power scaling law (b 
= 0.75) (West et al., 1997) (P < 0.0001). This confirms West’s (1997) 
hypothesis that the three in the ¾ power law is explained by the three-
dimensionality of the body and that nearly two-dimensional 
organisms such as flatworms may not obey this law. As the body of 
triclads is just a rough approximation of two-dimensionality, the 
metabolic rate of S. polychroa does also differ significantly from the 
corresponding theoretical b-value of 1 (P = 0.0002). In contrast to the 
metabolic rate, the changing cell number itself was suggested to 
follow three quarters scaling during growth and degrowth in 
planarians (Oviedo et al., 2003).  
When we considered adult stage only, the b value was 1.17 (± 0.04 
s.e.). Excluding the juveniles from the analysis thus results in a shift 
from a negative to a positive effect of size on mass-specific 
metabolism, confirming the observations discussed above. We could 
not detect large variations in b values during periods of adult growth 
(b = 1.17 ± 0.11 s.e.) and degrowth (b = 1.13 ± 0.07 s.e.), indicating 
that these values are consistent over the whole adult range.  
The shift in size-effect on metabolism, between juveniles and adults, 
suggests that there is an age-related biphasic allometric scaling 
relation. As expected from the analyses mentioned above, we 
observed that the mass-specific metabolic rates of young adults in the 
initial growth phase (months 3-5) are significantly higher than those 
of older adults (P < 0.0001). This prompted us to calculate the 
allometric scaling factor during initial growth (month 1-5), which was 
found to be 0.86 (± 0.03 s.e.). Thus, it appears that the allometric 
scaling factor differs between young, growing worms and adults that 
undergo repeated cycles of growth and degrowth.   
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The causes of this shift and the molecular mechanisms underlying the 
positive allometric effect during adulthood are not yet understood. It 
may suggest that growth during development is physiologically 
different from the growth and degrowth cycles that are observed 
during adulthood.    
Conclusions 
S. polychroa is an invertebrate species showing negligible 
senescence, a lifespan of at least several years, and it maintains a high 
morphological plasticity during adulthood. Metabolic ageing could 
not be observed, which may be explained by a very high rate of cell 
renewal during homeostasis (Pellettieri and Alvarado, 2007) and 
consecutive phases of degrowth and growth during which tissues are 
renewed. Metabolism of S. polychroa shows an age-related biphasic 
allometric scaling relation. Analysis of the complete lifespan resulted 
in an allometric scaling exponent of 0.90, while during adulthood a b-
value of 1.17 was found as size had a significant positive effect on 
mass-specific metabolism. 
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Tables and Figures 
 
Replicate Age of first 
death (months) 




3 9 9 2 
5 19 20 5 
6 29 31 10 
7 25 27 12 
9 33 34 5 
13 16 16 2 
14 23 24 5 
Table 1. 
















(a) Protein density as a function of body surface. (b) Wet weight as a 





Figure 2:  
(a) Total body surface per replicate (two worms) as a function of age. Size 
alternates synchronously in all replicates in consecutive phases of growth 
and degrowth. Replicate body surface decreases to juvenile dimension 
immediately before death. (b) Individual body surfaces of four replicate pairs 
showing intense growth and degrowth in the period between 15 and 25 
months. Phases of growth and degrowth occur rather simultaneously in both 
worms of each replicate. (c) Individual body surfaces of replicate pairs 
during the last 5 months of their life. Degrowth consistently occurs in both 
























Figure 3:  
(a) Survival curve of the experimental cohort. (b) The mortality rate of this 
cohort as a function of age. Data points represent the logarithm of the age-












Figure 4:  
Mass-specific metabolic rate, measured directly as heat production rate by 
microcalorimetry, as a function of age. During initial growth a decrease in 










Figure 5:  
The allometric relation between body size and metabolic rate of S. 
polychroa. All replicates and ages of the longitudinal experiment are 
included except worms undergoing dramatic degrowth preceding death 
(because pathologies could not be excluded). The scaling exponent b (0.90) 
is the slope of the linear regression. 
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Figure 6:  
The allometric relation between body size and mass-specific metabolic rate. 
The highest values of mass-specific metabolic rate were observed in 1-
month-old individuals. Mass-specific metabolic rates of young adults in their 
initial growth phase (month 3 – 5) are significantly higher than those of older 
adults (> 5 months).  The allometric scaling exponent b shifts from 0.86 
during the initial growth phase to 1.17 during the rest of the adult life. Data 
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Senescence is a nearly universal feature, and only few organisms, 
such as some triclads immortaly has been explained in two different 
ways: a lack of ageing and/or the occurrence of rejuvenation during 
fission. However, unambiguous data allowing to confirm or to reject 
one of both hypotheses are not yet available. Moreover, it is still not 
clear which fission products are new individuals and how the lifespan 
should be correctly defined. In this study, these questions are tackled, 
which is a prerequisite to study ageing, rejuvenation and the possible 
immortality of fissioning triclads.  
Based on the morphological asymmetry and the difference in 
interfission time (anterior fragment: 4 ± 4 days; posterior fragment: 
32 ± 20 days) of the fission fragments, successive anterior fission 
fragments can be considered one reproducing individual, while the 
produced posterior fragments are new juvenile individuals. This was 
confirmed by a longitudinal metabolic study of 107 days. The 
metabolic rate of the fissioning anterior fragments was characterised 
by an exponential decline, while a significant increase could be 
observed in the produced posterior fragments. Therefore, the lifespan 
of a triclad individual reproducing by fission should be defined as the 
time between its origin as posterior fission product and its death. 
Furthermore, these data suggest that the immortality of an adult 
individual can not be obtained by rejuvenation during fission because 
a metabolic increase and thus rejuvenation is lacking in reproducing 
adults. 
Keywords: Fission, Immortality, Oxygen consumption, Planarian, 
Rejuvenation, Schmidtea mediterranea 
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Introduction 
Senescence, a progressive decline in physiological function leading to 
death, is a nearly universal feature of multicellular organisms 
(Hughes and Reynolds, 2005; Semsei, 2000). However, some 
organisms are considered to escape senescence and are claimed to be 
immortal, such as the cnidarian Hydra and some triclads reproducing 
by fission. In both taxa, the immortality is ascribed to the presence of 
an active stem cell population enabling constant renewal of the body, 
a virtually unlimited regeneration capacity, and asexual reproduction 
(Austad, 2009; Bosch, 2009; Haranghy and Balázs, 1964; Martinez, 
1998; Newmark and Alvarado, 2002; Saló, 2006). However, insight 
into the immortality of fissioning triclads is still very limited. Some 
authors suggest that they do not age at all, while others hypothesize 
that they age but also rejuvenate during asexual reproduction 
(Haranghy and Balázs, 1964; Lange, 1968; Newmark and Alvarado, 
2002; Saló, 2006). The hypothesis of flatworm ageing and 
rejuvenation was presented for the first time by Child (1911). This 
author reported that a reorganization of the body due to fission, 
regeneration or starvation is a rejuvenating transformation which is 
characterised by an increase in metabolic rate. Moreover, the smaller 
the fragment forming a new worm, the greater the degree of the 
metabolic increase and thus rejuvenation. His conclusions were 
however doubted because the used marker for metabolic rate, the 
susceptibility of triclads to the toxic action of potassium cyanide, was 
demonstrated to be unreliable (Allen, 1919; Brøndsted, 1969; 
Pedersen, 1956). Although these authors studied the effect of the 
regeneration and starvation processes on oxygen consumption, they 
did not focus on the context of ageing and rejuvenation. Therefore, 
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unambiguous data confirming the ageing and rejuvenation hypothesis 
are still unavailable. For the study of ageing, rejuvenation and 
immortality in triclads reproducing by fission, insight in which fission 
products are new individuals is essential. Both the anterior and 
posterior fragments inherit ‘parental’-tissue, although in an unequal 
amount, and it is unknown how the divided worm and the two fission 
products relate to each other (Haranghy and Balázs, 1964; Lange, 
1968; Newmark and Alvarado, 2002). This knowledge is still lacking 
as detailed studies of individual fission fragments have not yet been 
performed in triclads. In the scarce ageing research of asexual 
flatworms, two different theoretical definitions of lifespan are 
commonly used. Clonal lifespan reflects the time that a clonal line, in 
which all fission fragments originate from one worm, can survive. 
The individual lifespan is defined as the time from fission to fission 
and assumes that fission means the catastrophic end of the dividing 
individual (Haranghy and Balázs, 1964). Consequently, both fission 
products are considered to be new individuals. An alternative to the 
individual lifespan is given by Sonneborn (1930), which performed 
the, to our knowledge, only flatworm study comparing posterior and 
anterior fission fragments by determining survival and lifespan. 
However, note that this author did not use a triclad species 
reproducing by architomy, but instead the species Stenostomum 
incaudatum (Catenulida), reproducing by paratomy. Based on the 
observation that lines of successive anterior fragments died, while 
lines of successive posterior fragments did not, he concluded that, in 
this species, only posterior fragments are new young individuals, 
while consecutive anterior fragments represent one ageing individual  
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Here, we studied which of both fission products of the asexual strain 
of Schmidtea mediterranea (Tricladida) represents rejuvenated 
offspring. As a first parameter, the interfission time (the time between 
two fissions) of both fission products was determined. In addition, 
oxygen consumption was studied during regeneration on the one hand 
and during a longitudinal study of 107 days on the other hand. Our 
data indicate that all posterior fission fragments are new, rejuvenated, 
juvenile individuals. In contrast, successive anterior fission fragments 
should be considered one adult individual. We observed that the adult 
individuals do not exhibit metabolic rejuvenation during fission. This 
suggests that the possible immortality of animals reproducing by 
fission can not be caused by rejuvenation during this process.  
Material and methods 
Species, culture and experimental design 
The asexual strain of the free-living freshwater triclad Schmidtea 
mediterranea (Platyhelminthes) was used. These organisms reproduce 
through architomy. Spontaneous fission occurs in the posterior two-
thirds of the animal, generating a large anterior (A) fragment 
containing the brain and pharynx, and a small posterior (P) fragment 
lacking these organs (Fig. 1a). Both fragments will regenerate all 
missing tissues/organs, resulting in two completely functional worms 
within a week (Newmark and Alvarado, 2002; Reuter and 
Kreshchenko, 2004).  
In the lab, animals were maintained in the dark at 20°C in 1× 
Montjuïch salts (Cebrià and Newmark, 2005) and fed with raw veal 
liver. After feeding, worms were always placed in new medium.  
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The interfission time of 31 anterior and 31 posterior fission products 
was determined by placing them individually in 6-well plates on the 
day of their origin, and checking the worms every 24 hours. During 
this experiment, worms were weekly fed. 
For measuring metabolic rate during regeneration, the mass-specific 
oxygen consumption was determined at 0 (within 24 hours), 3, 6 and 
9 days after fission. At each of these days, 7 replicate groups of 6 A 
fragments and 6 replicate groups of 15 P fragments were measured. 
To obtain enough worms for every measurement, a large number of 
fragments was placed individually in 6-well plates at the day of their 
origin. These were checked daily and divided worms were removed 
from the culture. At the day of the measurements, non-divided 
fragments were selected to form replicate groups of the above 
reported size. To avoid an effect of food digestion on the metabolic 
rate, the regenerating fission products were not fed during 
regeneration.  
An overview of the experimental design of the longitudinal study is 
presented in figure 1b. For this experiment, 100 completely 
regenerated worms that originated from posterior fragments (P 
worms) were collected and divided into 5 replicate groups of 20 
individuals each. Groups were maintained in separate large Petri 
dishes. Note that the P worms did not originate from the P fragments 
used in the above described experiment. The first fission of the P 
worms gave rise to anterior fragments (P.A. worms) and posterior 
fragments (P.P. worms). The P.P. worms were removed from the 
replicate groups. During the longitudinal study, the P.A. worms 
frequently divided, giving rise to successive anterior fragments (all 
called P.A. worms) and posterior fragments (all called P.A.P worms). 
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The P.A.P. worms were removed weekly – before they divided 
themselves - from the longitudinal replicate groups. All animals were 
fed weekly during the complete longitudinal study to avoid starvation.   
During the longitudinal experiment, measurements of mass-specific 
metabolic rate were performed 4 times. The P worms were measured 
at day 0 (the day of collection), and the P.A. worms were measured 
38, 72 and 107 days later. During the longitudinal study, some 
individuals (15 in total) were injured or killed due to handling and 
therefore excluded from the study. In addition to the P.A. worms, four 
replicate groups of fifteen 18-days-old P.A.P. worms were measured 
at day 107. Because a large number of worms of the same age were 
needed for this, the choice of this time point dependent on the number 
of P.A.P. worms formed every week, which was very variable.   
Quantifying mass-specific metabolic rate  
Metabolic rate was determined by polarographical measurement of 
oxygen consumption, using the six-channel respirometer from 
Strathkelvin (Glasgow, Scotland) equipped with Clark electrodes. 
Before every measurement, the electrodes were calibrated using 
oxygen-saturated water (100% setting at 20°C: 283.76 µmol/L). To 
measure the oxygen consumption of worms, we delivered 1.5 ml 
culture medium into the respirometer cells, a metal cylinder (1 cm 
diameter) was placed around each stirrer (to avoid mechanical 
damage to the worms) and worms were added to the cells. Each 
replicate always included several worms as sufficient biomass is 
necessary for accurate measurements. Oxygen consumption was 
measured for about 1 hour at a constant temperature of 20°C.  
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Mass-specific metabolic rate was obtained by dividing the oxygen 
consumption per unit time by the summed surface area of the worms 
measured. Worm surface area was determined after metabolic 
measurements by transferring the animals to a moist rolling paper and 
taking photographs of each individual with an Olympus C-5050 
Zoom camera mounted on an Olympus SZX12 stereo microscope. 
Body surfaces were quantified by semi-automated image analysis 
(KS400 software, ZEISS). 
Body surface area was confirmed to be an appropriate normalization 
parameter, as surface area and the commonly used proxy protein 
content were highly correlated (R2 = 0.90; P< 0.0001) (data not 
shown) based on measurements of 56 individuals of different sizes 
(Mouton et al, 2011).  
Statistical analyses 
The interfission time of anterior and posterior fragments was 
compared using a t-test (PROC TTEST). Degrees of freedom were 
Satterthwaite corrected (Satterthwaite, 1946) because of unequal 
variances in both groups.  
The accuracy of body surface as normalisation parameter was verified 
by performing a Pearson’s product – momentum correlation test 
between body surface and protein content with Statistica 7 (data not 
shown). 
To analyse whether the mass-specific metabolic rate of the A and P 
fragments is related to the time since fission and whether it differs 
between both fragments, a linear regression model (PROC GLM) was 
used. The variable “fragment” and the interaction “fragment × time” 
were included in the model as explanatory variables to obtain separate 
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estimates for the slopes of the A and P fragments. An ESTIMATE 
statement was used to study whether the slopes of both curves were 
different. To investigate whether an exponential function better fitted 
the data than a linear function, we transformed the time variable, 
using e-time, and compared the coefficients of multiple determination 
R². To test if the mass-specific metabolic rates of A and P fragments 
differ significantly from each other on the studied days of 
regeneration, t-tests (PROC TTEST) of the log transformed values 
were performed.  
We investigated whether the mass-specific metabolic rate of the P.A. 
lines decreased over time during the longitudinal study by using 
linear mixed models (PROC MIXED). Time was included in the 
model as a covariate. As the same replicates were repeatedly 
measured over time, replicate was included as random factor 
(RANDOM statement) and time was included as repeated factor with 
replicate as subject term (REPEATED statement). Degrees of 
freedom were estimated following Kenward and Roger (1997). We 
also fitted the same model using the transformed variable e-time. The 
comparison of the fit of the linear and exponential model was now 
based on R²meta, which is an extension of R² for mixed models 
(Verbeke and Molenberghs, 2000). 
Furthermore, we compared the mass-specific metabolic rate of the 
regenerated P.A.P. fragments with that of the P worms at day 0 and 
P.A. worms at day 107. Because of the small sample size (N=5 and 4 
for P.A. and P.A.P. worms, respectively), Wilcoxon-Mann-Whitney 
tests were performed in StatXact 4.0.1 (Cytel Software Corporation 
1989-1999). 
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All test statistics refer to two-tailed tests, and we considered effects 
significant at a P level < 0.05. Unless mentioned otherwise, 
assumptions of residual normality and homoscedasticity were 
satisfied and statistical analyses were performed in SAS 9.1. (SAS 
Institute Inc. 2002-2003, Cary, NC, USA). 
Results and discussion 
Interfission time 
The A fragments have a significantly shorter interfission time 
(average ± standard deviation: 4 ± 4 days) than the P fragments 
(average ± standard deviation: 32 ± 20 days) (t32.5=-7.74; P<0.0001). 
The short interfission time of the A fragments demonstrates that they 
are able to fission again while they are still regenerating after the 
previous fission process. In contrast, posterior fragments regenerate 
completely and undergo a growth phase before they undergo fission 
again. 
Based on these observations, the asymmetrical morphology of the 
fission products (see above), and the study of Sonneborn (1930) we 
hypothesise that an A fragment is still the same individual as the 
worm before division, while the P fragment can be considered a new 
individual. To confirm this hypothesis, a longitudinal study during 
which mass-specific metabolic rate is determined is designed. 
However, because these measurements will often include 
regenerating worms (Figure 1b), the mass-specific metabolic rate 
during regeneration is first determined.  
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Metabolic rate during regeration 
During regeneration, the relationship between time since fission and 
the mass-specific metabolic rate of the A and P fragments is better 
described by an exponential function (R²=0.62) rather than a linear 
one (R²=0.59) (Figure 2a). The exponential decrease of mass-specific 
metabolic rate is significant in both A (t48= 2.57, P=0.013) and P 
fragments (t48= 2.72, P=0.009), and the slope of the decrease is 
similar in the two fragments (time: t48= -0.25, P=0.80). The 
exponential decrease shows that the act of fission itself is 
energetically more costly than the regeneration process and that 
regeneration is not characterised by a constant elevated metabolic 
rate. This is important for the interpretation of the longitudinal study 
as a constant elevated metabolic rate during regeneration could have 
masked the age-related changes.   
The mass-specific metabolic rate of the A fragments is significantly 
higher than that of the P fragments at all measured days (day 0: 
P=0.04, day 3, 6 and 9: P<0.01) (Figure 2a). However, to be sure that 
our conclusions truly reflect life-cycle dependent and not size-
dependent differences, statistical analyses were also performed with 
allometrically scaled data, using allometric scaling exponents of 0.75 
and 0.90 (data not shown). Indeed, the significance of the differences 
in mass-specific metabolic rate between A and P fragments at the 
measured days of regeneration depends on the scaling exponent. 
However, all other conclusions of this manuscript remain the same. 
Therefore, only the non-scaled data are presented in this manuscript.  
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Longitudinal metabolic study 
Between the first and second metabolic measurement of the 
longitudinal study, the P worms undergo a growth phase and start to 
divide, giving rise to P.A. and P.P fragments (Table 1). From the 
second measurement on, the size of the frequently dividing P.A. 
worms remains rather constant (Table 1). The mass-specific 
metabolic rate of the P.A. line significantly decreased over time 
(F1,18=49.77; P<0.0001) in an exponential way (linear: R²meta =0.79; 
exponential: R²meta=0.81) (Figure 2b). The growth phase of P worms is 
thus characterised by a decrease in mass-specific metabolic rate, 
which continues for a while after the first divisions. Interestingly, the 
mass-specific metabolic rate of the regenerated P.A.P worms 
measured at day 107 was significantly larger than that of the dividing 
P.A. worms at day 107 (mean absolute difference ± standard error: 
0.002 ± 0.0002; P=0.016), but only marginally larger than that of the 
P worms at day 0 (mean absolute difference ± s.e.: 0.0005 ± 0.0003; 
P=0.064) (Figure 2b). The significant increase of the mass-specific 
metabolic rate of the P.A.P. worms in comparison to the P.A. worms 
at day 107 demonstrates that the P.A.P. worms are new individuals. 
The lack of an increase in the P.A. line shows that the P.A. worms are 
not. Furthermore, the mass-specific metabolic rate of the new P.A.P. 
worms is similar to that of the P worms at day 0, and thus before their 
growth phase. In other words, an A fragment is still the same 
individual as the divided worm, while the P fragment is a new 
juvenile worm. The growth phase of the posterior fragment can be 
interpreted as a developmental period. After this growth, the worm 
will become adult and start to divide and thus reproduce itself. 
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Our metabolic dataset thus corroborates the conclusions of Sonneborn 
(1930) and expands them to both types of fission (architomy and 
paratomy). In contrast, the definitions of clonal and individual 
lifespan commonly used in triclads appear to be inappropriate to 
report the lifespan of flatworms reproducing by fission. When P 
fragments are included in the clonal line, the line will comprise 
several individuals. The used definition of individual lifespan does 
not report a complete lifespan because fission is not the end of an 
individual. In A fragments, this definition reflects the short time 
between two acts of reproduction. In P fragments, it reflects the 
developmental period.  
Remarkably, this pattern of forming new individuals during fission is 
the same as that of asymmetrically dividing unicellular organisms 
such as the budding yeast Saccharomyces cerevisiae, in which ageing 
mother cells produce smaller, new, young buds (Sinclair et al, 1998).  
However, in contrast to S. cerevisiae and S. incaudatum, ageing could 
not be observed in successive anterior fragments of S. mediterranea 
during the experiment. There was no decrease in reproductive rate 
(data not shown) and mortality was not observed, except death due to 
handling. Moreover, the exponential character of the decrease in 
mass-specific metabolic rate of reproducing adults suggests that the 
metabolic rate will not further decrease with advancing age and that 
these individuals will lack metabolic ageing during adulthood. The 
same pattern of age-dependent mass-specific metabolic rate was 
observed in the long-living triclad Schmidtea polychroa (Mouton et 
al., 2011). In addition, the exponential decrease indicates that P.A. 
worms do not rejuvenate during fission. This suggests that the 
immortality can not be obtained by repeated rejuvenation during each 
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fission process as was stated by Child (1915). Instead, individuals can 
be immortal due to the lack of ageing, or can be mortal and age with a 
rate slow enough to not be observed during the performed 
longitudinal experiment of 107 days.  
Conclusion 
Based on our data, we argue that the lifespan of an asexual Schmidtea 
meditternea individual should be defined as the time between its 
origin as a posterior fission fragment till the death of the 
corresponding dividing anterior fragment. This definition is a 
prerequisite to study whether these individuals age or are immortal. 
Our data suggest that a reproducing adult does not rejuvenate during 
fission. In our opinion, this argument can therefore not be used to 
explain the potential immortality of triclads reproducing by fission.  
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Size (mm2) of the P., P.A. and P.A.P. animals measured during the 































(A) Photographs of an individual without signs of fission and 
regeneration (left), an anterior fission fragment (upper right) and a 
posterior fission fragment (lower right). The photographs of the fission 
fragments are taken within 24 hours after the fission. Scale bar: 2 mm.  
(B) Scheme clarifying the experimental design of the longitudinal 
experiment. The fission of a worm results in an A fragment (A) and a P 
fragment (P). The P fragment will regenerate into a complete P worm. 
Five replicate groups of 20 P worms each are collected to start the 
longitudinal experiment. After a growth phase, P worms undergo fission 
giving rise to P.A. and PP worms. P.P. worms are removed from the 
replicates. P.A. worms fission again several times during the 
experiment. All successive anterior fragments are called P.A. worms and 
all formed posterior fragments P.A.P. worms. P.A.P. worms are weekly 
removed from the replicates. During the longitudinal experiment, the 
mass-specific metabolic rate of the P worms is measured at day 0 and 
the mass-specific metabolic rate of the successive P.A. worms is 
measured at day 38, 72, and 107. At day 89 enough P.A.P. worms of the 
same age – originating from all replicates - could be obtained to form 4 
replicate groups and their mass-specific metabolic rate was measured at 
day 107. 
The yellow, red and black arrows indicate regeneration, growth, and 
fission, respectively. The green arrows visualise the collecting of the 
P.A.P. worms of the same at day 89. Animals followed during the 
longitudinal study are visualised in black, while individuals removed 
from the experiment are shown in gray. The asterisks indicate that these 
animals can undergo fission during regeneration and growth. Metabolic 



















Figure 2.  
(A) The mass-specific oxygen consumption during regeneration of both 
A fragments (indicated in blue) and P fragments (indicated in black). 
Note the exponential decline in mass-specific metabolic rate in both 
fragments. (B) The mass-specific oxygen consumption of the P.A. 
worms (indicated in black, called P worm at day 0) as a function of time, 
and the mass-specific oxygen consumption of completely regenerated 
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7 General discussion 
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7.1 The central role of neoblasts in flatworm 
biology 
As all flatworms, Schmidtea mediterranea, Schmidtea polychroa and 
Macrostomum lignano are characterised by a large totipotent 
population of neoblasts. The neoblasts play a central role in the 
flatworm biology as they are essential for e.g. reproduction, 
regeneration and tissue homeostasis (Fig. 1) (D'Souza et al., 2004; De 
Mulder et al., 2009; Egger et al., 2009; Handberg-Thorsager et al., 
2008; Ladurner et al., 2008; Nimeth et al., 2002; Pellettieri and 
Alvarado, 2007; Reddien and Alvarado, 2004; Schärer et al., 2004). 
Our main interest is how the presence of an active, totipotent neoblast 
population influences the flatworm ageing and rejuvenation 
processes, which are remarkably understudied. To obtain more insight 
into this subject, we characterised the flatworm ageing process by 
studying several aspects of it (see Chapter 7.2) and tested if flatworms 
are truly able to rejuvenate (see Chapter 7.3). By accomplishing these 
aims, we are able to developed the used species as new models for 
ageing and rejuvenation research, which is the general goal of this 

















7.2 Characterising flatworm ageing 
Characterising flatworm ageing is a very general aim and addressing 
it can only be done by dividing it into smaller sub-aims, 
corresponding with specific questions. Therefore, we tested several 
ageing-biomarkers, each of them relating to a specific scientific 
question (Fig. 2, box 2).  
 
Figure 1. 
Flatworms have a complex biology in which all processes 
(examples visualised by the coloured circles) interact with 
each other and with the central player: neoblast functionality 



















The flatworm ageing process is a complex process containing 
several aspects (visualised by the coloured circles) which can be 
studied by developing ageing-biomarkers.  
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Box 2: The used ageing-biomarkers 
 
Biomarker  Scientific question  Used species 
Oxygen consumption Does metabolic rate decrease  S.mediterranea 
                                           during ageing? 
 
Metabolic heat  Does metabolic rate decrease S.polychroa 
                                           during ageing? 
 
Mortality rate  Does the chance of dying   M. lignano 
                                           increase with advancing age? 
 
Fecundity  Does the reproductive rate   M.lignano 
                                           decrease with advancing age? 
 
Morphology  Are there signs of a decreasing M. lignano 
                                           anatomical maintenance during  
                                           ageing? 
 
Neoblast proliferation  Does the proliferation rate of  M. lignano 
 rate                                     the neoblasts decrease during  
                                            ageing? 
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7.2.1 Testing ageing biomarkers  
Potential biomarkers of ageing were selected based on the literature 
of established and emerging ageing models. To be able to use the 
selected markers, several techniques and protocols had to be co-opted 
from ageing research in other model organisms and flatworm research 
on regeneration and neoblast biology. Co-opting techniques often 
required developing new approaches and was always done in three 
steps: preliminary tests, further optimisation for flatworm research, 
and eventually using them in experiments.  
Only part of these results are presented in this thesis because several 
of the selected biomarkers could not be used due to technical 
restrictions, e.g. lipofuscin accumulation. Lipofuscin is frequently 
used as a biomarker of ageing in C. elegans and is commonly 
determined by measuring levels of blue autofluoresence (Chávez et 
al., 2007; Houthoofd et al., 2002; Kim et al., 2008). However, 
preliminary tests in flatworms showed high levels of autofluorescence 
at several wavelengths, making it impossible to distinguish the 
lipofuscin peak and correctly interpret the obtained data. Remarkably, 
it was recently demonstrated that blue auto fluorescence of C. elegans 
is not related to lipofuscin and is thus inappropriate as ageing-
biomarker despite its frequent use in the past (see website David 
Gems lab: http://www.ucl.ac.uk/~ucbtdag/).  
Other selected biomarkers for flatworm ageing research appeared to 
be only appropriate for certain species. This explains why different 
parameters of metabolism are measured in the two used triclad 
species. Because of the mobility of S. polychroa, animals of this 
species often kill themselves during measurements of oxygen 
consumption, making this technique inappropriate for this species. 
 193
Microcalorimetry, which requires sufficient biomass, was not suitable 
for measuring the metabolism of the tail fragments of S. 
mediterranea. The small size of these fragments and the irregular 
interfission time make it very difficult to obtain groups large enough 
for these measurements. The requirement of sufficient biomass is also 
the reason why metabolic measurements are not performed in 
Macrostomum lignano, which is very small in comparison to triclads. 
In contrast, quantification of the age-related number of neoblasts in 
the complete body was much more efficient in Macrostomum than in 
Schmidtea. Labelling neoblasts in Macrostomum can be easily done 
by soaking animals, while in Schmidtea animals have to be 
individually injected with the label. Moreover, Macrostomum has a 
much smaller number of cells than Schmidtea, facilitating 
quantification.  
Note that fecundity was not measured in S. polychroa because this 
biomarker only caught our attention during the longitudinal 
experiment. Because this species has a long lifespan and is still able 
to produce cocoons at old ages, we did not perform an extra 
experiment for quantifying this in detail.  
Eventually, only the biomarkers that could be optimised for one of the 
used flatworm species and led to reliable data were used during the 
experiments (box 2). By developing new approaches for studying 
ageing and rejuvenation, we were able to expand the experimental 
toolbox of S. mediterranea, S. polychroa and M. lignano.  
7.2.2 Schmidtea and Macrostomum have different ageing patterns 
Characterising ageing of M. lignano and S. polychroa showed that, 
despite the shared characteristics of having a large totipotent neoblast 
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population and a high rate of cell renewal, these two species have 
different rates of ageing.  
7.2.2.1 Schmidtea polychroa has negligible senescence 
Based on the scarce flatworm ageing literature, it has been difficult to 
conclude if triclads age or not, as determination age-related changes 
often resulted in contradictory conclusions (Haranghy and Balázs, 
1964; Lange, 1968). During our longitudinal study of S. polychroa, 
no unequivocal characteristics of ageing could be observed (Chapter 
5). Metabolic ageing was lacking during adulthood. The median 
lifespan was reached at the age of about three years, and the paired-
wise dying of individuals even suggests that the observed deaths are 
(partly) caused by age-independent influences. A significant increase 
in mortality rate could not be observed, but because this study 
focussed on metabolic rates, the population size was too small to 
obtain high-resolution demographic data. Our metabolic and 
demographic data suggest that this species has negligible senescence. 
However, to confirm this, a long-lasting longitudinal experiment 
during which age–dependent mortality and reproductive rates are 
followed in a large number of individuals should be performed.  
We hypothesised that the negligible rate of ageing is caused by 
alternating phases of degrowth and growth and the high rate of cell 
renewal, both resulting in a replacement of aged cells by new neoblast 
progeny (Chapter 5). An indefinite maintenance of stem cell 
functionality and a constant renewal of the body resulting in a lack of 
ageing were also observed in Hydra. This high rate of cell renewal 
eliminating ageing can be considered as a form of constant 
rejuvenation and is called “developmental youth” in Hydra (Bosch, 
2009). To further confirm the presence of “developmental youth” in 
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S. polychroa, BrdU and H3 pulse and pulse-chase labelling should be 
performed at different ages to determine age-dependent neoblast 
functionality and rate of cell renewal. If our hypothesis is correct, an 
age-dependent decrease of neoblast functionality and cell turnover 
rate should not be observed. 
These argumentations raise two important questions that can not be 
neglected in this general discussion. If the presence of 
“developmental youth” can be demonstrated in S. polychroa, is this 
species then immortal?  What is the difference between negligible 
senescence and immortality?  
The key distinction between negligible senescence and immortality is 
whether senescence is non-existing or whether it develops very 
slowly. Senescence will not exist at all in an immortal species, while 
it does in a species with negligible senescence. However, in the latter 
species, ageing will be so slow that age-dependent changes are still 
functionally undetectable. From a practical point of view, the 
difference may seem indistinguishable and thus unimportant, but from 
a theoretical point this difference is enormous. Based on the 
evolutionary theories of ageing which states that senescence will 
always creep in, immortality is impossible while negligible 
senescence is not (Austad, 2001; Finch and Austad, 2001).  
7.2.2.2 Macrostomum lignano ages gradually 
In contrast to S. polychroa, M. lignano clearly ages. This is 
demonstrated by the relatively short 90th percentile lifespan of about 
one year, an increasing mortality rate, decreasing reproductive rate 
and a decreasing mitotic rate of the neoblasts. The observed age-
dependent decrease of M-phase neoblast densities and anatomical 
maintenance gives experimental evidence for the flatworm ageing 
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hypothesis (Chapter 1.5.2). Furthermore, the observation that only the 
M-phase and not the S-phase neoblast density decreases, indicates 
that the decreasing neoblast activity is caused by cycle arrest and/or 
cell death during the G2 phase (Chapter 4). As the G2 checkpoint is 
responsible for repairing DNA damage and eliminating cells with 
severe damage, this suggests a causal role of DNA damage for the 
observed decline in mitotic rate (Nyberg et al., 2002; Sancar et al., 
2004; Taylor and Stark, 2001). To further confirm this hypothesis, the 
age-dependent rate of DNA damage can be determined by optimising 
existing markers for flatworm use, such as γH2AX (Löbrich et al., 
2010; Takahashi and Ohnishi, 2005). In addition, age-related 
expression rates of genes involved in DNA repair, such as Cdc2 , can 
be measured.  
Removal of DNA damage is essential to avoid malignant 
transformations and is an important part of the anti-cancer function. 
Interestingly, tumours are rarely observed in ageing individuals of M. 
lignano, indicating that this species indeed has strong tumour-
suppressor mechanisms. The combination of these observations 
suggest that the mammalian ‘cancer-ageing hypothesis’ may also be 
applicable to the flatworm M. lignano. This hypothesis states that 
tumour-suppressor mechanisms may inadvertently contribute to 
ageing by causing stem cell arrest or attrition while carrying out their 
beneficial anti-cancer function (Sharpless and DePinho, 2007). The 
next steps in studying the relevance of this hypothesis for flatworms 
are studying the age-dependent rate of DNA repair, apoptosis and 
accumulation of senescent cells. We are currently designing these 
studies are at the Hubrecht institute (Utrecht, The Netherlands).  
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7.2.3 Explaining the difference in ageing patterns  
To account for the observed differences in ageing patterns, more 
research is needed. However, we can already discuss potential causes 
of these differences and forward crucial aspects for future flatworm 
ageing research. 
An important potential cause is the presence/absence of asexual 
reproduction in the two studied genera. Schmidtea contains asexual 
species, while Macrostomum is an exclusive sexually reproducing 
genus (Egger et al., 2007). Asexual animals have long been 
considered to lack ageing. In sexual animals, the germline is 
maintained indefinitely, while the soma is “disposable” after having 
fulfilled its reproductive role. Consequently, asexual animals, which 
do not have a germline-soma separation, should not age (Williams, 
1957). This hypothesis turned out to be too stringent as a number of 
asexual metazoans were observed to age (Flatt and Schmidt, 2009; 
Martínez and Levinton, 1992). However, the need for an efficient 
maintenance of the soma remains essential in asexual animals. The 
link between asexual reproduction, efficient body maintenance and 
(the lack of) ageing is illustrated by the “developmental youth” of 
Hydra (Chapter 7.2.2.1) (Bosch, 2009). In the studied flatworms, we 
have shown that neoblast functionality and efficient cell renewal can 
be maintained longer in the asexual species than in the sexual species. 
The presence/absence of asexuality as a regulator of stem cell 
functionality is confirmed by the differences of regeneration capacity 
between flatworm species. Asexuality is often suggested as the 
ancestral origin of the regeneration process and taxa lacking asexual 
reproduction are indeed observed to have a less pronounced 
regeneration capacity than taxa with asexual reproduction (Alvarado, 
 198
2000; Egger et al., 2007; Reuter and Kreshchenko, 2004). This is 
confirmed for the species used in this project. While Schmidtea can 
regenerate all organs, Macrostomum can not regenerate the head 
(brain, eyes, and pharynx) (Alvarado, 2000; Egger et al., 2007). 
A second explanation for the observed differences in regeneration 
capacity and ageing can be attributed to the functional morphology, 
i.e. the distribution of serotonergic nerve cells in the body. Indeed, it 
is shown that the serotonergic nerve cells extend from anterior to 
posterior in the ventral nerve chords in triclad species, while the 
serotonergic nerves are restricted to the head and pharynx region in 
Macrostomum (Egger et al., 2007; Ladurner et al., 1997; Nishimura et 
al., 2007). Besides serotonin, also other substances related to the brain 
and nervous system, e.g. neuropeptides, were demonstrated to control 
regeneration. Importantly, the nervous system has also been reported 
to play a key role in the neoblast regulation during other processes 
such as asexual reproduction and tissue homeostasis (Alvarado, 2000; 
Baguñà et al., 1989; Bode et al., 2006; Egger et al., 2007; Ladurner et 
al., 1997; Reuter and Kreshchenko, 2004). The regulating role of the 
nervous system for the neoblast functionality in all these processes 
brings us to an important notion. Similar to what is the case in 
vertebrates, the functionality of neoblasts is not only regulated 
intrinsically, but also extrinsically (Rando, 2006). The age-dependent 
changes in the proliferation rate of the neoblasts, and consequently 
cell renewal, can thus not solely be explained by changes within the 
neoblasts themselves. Extrinsic cues of the surrounding cells/tissues 
and the systemic milieu (nervous system) are bound to play a role. 
Therefore, ageing of the post-mitotic tissues (e.g. the nerves) may 
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play an important role in the age-dependent regulation of the 
neoblasts. 
Taken together, this shows that flatworm ageing is a complex process 
caused by changes in the neoblast functionality, post-mitotic cells and 
interactions between them. Moreover, the ageing process will be 
influenced by several other neoblast-dependent processes such as cell 
renewal, regeneration and reproduction (Fig 1.). Therefore, it is 
important to study the different aspects of ageing (e.g. demography, 
metabolic rate, neoblasts proliferation, gene expression…) at different 
levels of organization (e.g. organism, tissues, cells, genes, …) to 
obtain more insight in it (Fig 2.).  
7.3 Studying rejuvenation in flatworms 
Flatworms are often suggested to be able to reverse the ageing 
process and rejuvenate during fission, regeneration and starvation 
(Calow, 1977; Child, 1915; Egger et al., 2006; Haranghy and Balázs, 
1964; Hyman, 1919; Lange, 1968; Newmark and Alvarado, 2002; 
Saló, 2006). However, unambiguous experimental evidence for 
flatworm rejuvenation was still not available (Chapter 1.6). Here, we 
studied rejuvenation, using the biomarkers which we determined for 
characterising flatworm ageing. In theory, the age-dependent changes 
of these biomarkers should be reversed when rejuvenation occurs. In 
this project, we did not study starvation and focussed on rejuvenation 
during fission and regeneration. 
7.3.1 Does fission cause rejuvenation in flatworms? 
Asexual planarians are frequently stated to be immortal due to 
rejuvenation during fission (Chapter 1.6) (Austad, 2009; Haranghy 
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and Balázs, 1964; Lange, 1968; Newmark and Alvarado, 2002; Saló, 
2006). However, which of the two fission products are new 
individuals and how lifespan should be defined was still unknown. 
Solving these questions was a prerequisite prior to studying ageing, 
rejuvenation and immortality. To account for this gap in knowledge, 
we have used the asexual strain of S. mediterranea (Chapter 6). 
During this study, we concluded that only posterior fission fragments 
are new, rejuvenated individuals. In contrast, an anterior fission 
fragment is still the same individual as the fissioned worm. 
Consequently, successive anterior fission fragments should be 
considered as one reproducing individual. In these reproducing 
individuals, neither rejuvenation during fission nor ageing could be 
observed during the longitudinal experiment. Based on these results, 
we can conclude that immortality is not caused by fission-related 
rejuvenation, which is often suggested. The two remaining 
possibilities are that individuals are immortal due to the lack of 
ageing, or are mortal, but age with a rate slow enough to not be 
observed during the performed longitudinal experiment of 107 days 
Based on the obtained data, the observation of negligible ageing in 
the closely related species S. polychroa, and the observation that 
individuals of the sexual strain of S. mediterranea live longer than 
three years (Alvarado et al., 2003), we hypothesise that asexual adults 
of S. mediterranea will have negligible senescence. To confirm this, 
more experiments during which mortality, reproductive rate and 
additional ageing-biomarkers are studied, should be performed.  
The hypothesis of negligible ageing, however, brings us to a 
paradoxal question: “How can a posterior fission fragment be 
rejuvenated if its adult parent did not age in the studied time frame”. 
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Note that in the posterior fragments, we observed a reversal of the 
developmental process, and not of ageing. Therefore, we want to 
distinguish ‘rejuvenation’ from ‘reversed development’. We will 
define ‘rejuvenation’ as a reversal of the ageing process, resulting in 
the transformation of an aged adult into a younger adult or even 
juvenile. ‘Reversed development’ will be defined as the reversal of 
the post-embryonic development, resulting in the transformation of a 
young adult into a juvenile. Consequently, in animals lacking ageing, 
only reversed development can occur. 
7.3.2 Does regeneration cause rejuvenation in flatworms?  
7.3.2.1 Schmidtea polychroa 
One of the aims of our research in S. polychroa was to test if the 
metabolic rate decreases during ageing. If this is the case, this 
biomarker can be used to study if regeneration causes rejuvenation. 
However, we concluded that S. polychroa lacks metabolic ageing and 
even has negligible senescence. Therefore, this species was 
inappropriate for investigating regeneration-induced rejuvenation. 
Consequently, we focussed on Macrostomum lignano for studying 
rejuvenation after regeneration using appropriate markers for this 
species.   
7.2.3.2 Macrostomum lignano 
In M. lignano, the male fecundity and mitotic rate of neoblasts 
showed a clear age-dependent decrease and could therefore be used to 
study rejuvenation. After completion of regeneration, both biomarkers 
showed a clear increase (and thus a reversal of the age-dependent 
decrease), giving experimental evidence of flatworm rejuvenation. 
Moreover, these experiments demonstrated rejuvenation at the level 
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of the organism as wells as the neoblasts. The latter is essential as the 
rejuvenated body has to be maintained efficiently to avoid an 
accelerated ageing after the rejuvenation process.  
The obtained results are the first experimental data of rejuvenation in 
M. lignano, and it is important to further characterise rejuvenation at 
different levels of organisation. This can be done by determining and 
using more biomarkers to characterise ageing and rejuvenation at 
different levels of organisation. Examples are: rate of movement, rate 
of epidermal cell renewal, DNA damage levels, gene expression 
patterns, etc.  
The demonstration of rejuvenation opens windows for further 
experiments to obtain more insight in both rejuvenation and ageing. 
First of all, it would be interesting to study if a large number of 
quickly repeated amputations will lead to continuous rejuvenation or 
will eventually result in an exhaustion of the neoblast population by 
reaching a replicative limit of the neoblasts. A first series of repeated 
amputations was already performed in M. lignano, demonstrating that 
individuals are able to survive up to 60 amputations. However, some 
of these animals developed morphological irregularities such as the 
loss of eyes, the development of hypertrophic testes, and the 
development of additional tails (Egger, 2008; Egger et al., 2006). This 
can be interpreted as signs of a loss of control of neoblast 
proliferation and it would be interesting to perform additional 
experiments in which the number of amputation is increased to search 
the replicative limit of the neoblasts. The knowledge obtained during 
these experiments will allow studying the relationship between stem 
cells and longevity. Although this association is commonly made, 
there is still no evidence that the lifespan of any species is determined 
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by the limited supply or limited functionality of its stem cell 
populations (Rando, 2006). If this link is present, continuous 
neoblasts rejuvenation should extend the lifespan of M. lignano, while 
neoblasts exhaustion should reduce it. In the above mentioned 
experiment, repeatedly regenerated animals indeed lived longer than 
the control group (Egger et al., 2006), suggesting that the link 
between stem cells and longevity is present in M. lignano. However, 
the control group only lived for 42 weeks which is shorter than the 
90th percentile lifespan (53 weeks) during this project. Therefore, it 
would be interesting to repeat this experiment in more detail to 
compare the lifespan and mortality rate of repeatedly regenerated and 
control animals.  
From a clinical point of view, the most important question is how this 
natural occurrence of neoblast rejuvenation is regulated. Unravelling 
this can play an important role in developing approaches to rejuvenate 
human stem cells and use them in clinical anti-ageing treatments.  
7.4 Current position of flatworm models in ageing 
and rejuvenation studies  
Each of the three species used in this PhD have distinct differences in 
rate of ageing and life history. Hence, depending on the scientific 
question, each of these three species can be further used and 
developed as a new model organism for ageing and rejuvenation 
research   
7.4.1 Increased interest in ageing models with negligible 
senescence 
Within the animal kingdom, there is an amazing diversity of 
organismal life spans. The cellular tool kit that existed about 600 
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million years ago allowed the evolution of life spans ranging up to 
one million-fold difference in length (Finch and Austad, 2001). 
However, virtually everything we know about ageing comes from 
experiments and observations on traditional short-lived laboratory 
species such as fruit flies, the nematode Caenorhabditis elegans and 
mice that are demonstrably unsuccessful at combating basic ageing 
processes. In contrast, exceptionally long-lived species can serve as 
examples of how ageing can be successfully resisted. Investigation 
into species with negligible senescence may yield clues about how to 
enhance and extend human and animal health (Austad, 2001; Austad, 
2010; Finch and Austad, 2001). Schmidtea mediterranea and S. 
polychroa are both shown to have negligible senescence and therefore 
have the potential to become such new ageing models. The first 
allows studying negligible senescence in the context of fission, while 
the second is cocoon-laying and thus has a straightforward lifespan 
from birth till death.  
7.4.2 Comparing Schmidtea and Macrostomum for studying 
ageing plasticity 
It has already been suggested that quantitative differences in gene 
regulation, giving different capacities for repair and regeneration, are 
the major factor in the huge plasticity of lifespan and rate of ageing 
(Finch and Austad, 2001).  
As mentioned earlier, S. polychroa and M. lignano are both free-
living flatworms, and are relatively close related. They have a rather 
similar biology as they are both characterised by a large totipotent 
population of neoblasts and a high rate of cell renewal (Ladurner et 
al., 2008; Newmark and Alvarado, 2002). However, while the first 
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has negligible ageing, the second ages gradually and we hypothesised 
that this is caused by differences in life history and regeneration 
capacity. Comparing these two species may thus be a practical and 
convenient approach to study how differences in repair and 
regeneration can affect the lifespan and rate of ageing. Furthermore, 
these species allow studying this on all levels of organisation, from 
the organism to gene expression patterns. Therefore, it will be 
important to develop ageing-biomarkers which can be used in both S. 
polychroa and M. lignano, facilitating the comparison of regeneration 
and ageing of the two species.     
7.4.3 The preferred new model facilitating in vivo stem cell ageing 
research 
The current intense interest in stem cells partly results from the hope 
that they will revolutionize the strategies to treat age-related 
pathophysiological conditions. However, prior to developing human 
anti-ageing therapies, an increased understanding of stem cell 
biology, the environment of the aged tissue and especially the 
interaction between the two is still required (Ho et al., 2005; Rando, 
2006; Rossi et al., 2008; Sharpless and DePinho, 2007; Sharpless and 
Schatten, 2009). As reported in the general introduction, the current 
established models have some serious drawbacks to obtain this 
knowledge, and additional model organisms are needed (Austad, 
2009; Sharpless and Schatten, 2009). Ageing of M. lignano is, similar 
to mammalian ageing, characterised by an age-dependent decrease in 
stem cell functionality. Fascinatingly, not only ageing, but also 
rejuvenation of individuals and their neoblasts are here demonstrated. 
Future experiments in this model should study which genes/pathways, 
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and corresponding proteins, are responsible for neoblast ageing and 
rejuvenation. Based on the “cancer-ageing hypothesis” (Chapter 
7.2.2.2), it would be interesting to test the role of the p53 and 
p16INK4a tumour suppressor pathways in the neoblast functionality 
and ageing (Campisi, 2003). 
We conclude that of the three flatworm species used during this 
project, Macrostomum lignano is the most appropriate for the in vivo 
research of stem cell ageing and rejuvenation, due to several 
advantages such as the transparent body, relative short lifespan, 
quantifiable number of cells. Its suitability for studying these topics is 
clearly illustrated during this PhD by demonstrating ageing and 
rejuvenation of the individuals and their neoblasts, and we argue that 
M. lignano has the potential to play an important role in the future 
ageing and rejuvenation research besides the other current ageing 
models. Consequently, we will further develop this species as an 
ageing model in the future.    
7.5 Main conclusions and future perspectives 
7.5.1 Conclusions 
Based on the results obtained during this PhD, we can conclude that, 
from an ageing point of view, “the flatworm” does not exist. The 
three used species show clear differences in the rate of ageing, 
ranging from gradual (M. lignano) to negligible (S. polychroa and S. 
mediterranea). These differences seem to be closely related to 
differences in life cycle and regeneration capacity (see 7.2.2). 
After working with different flatworm species, we can conclude that 
Macrostomum lignano has the most potential as new ageing model. 
The starting point of this PhD was the need for a new model organism 
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allowing in vivo research of stem cell ageing. In our opinion, M. 
lignano can fulfil this need and should be further developed as an 
ageing model. 
Because this thesis presents the first ageing experiments using this 
species, the obtained knowledge of ageing in M. lignano is still 
limited in comparison to other models. However, we obtained 
indications for two important conclusions. 
1) Remarkably, the ageing process of M. lignano seems more similar 
to that of vertebrate models, such as mice, than to that of invertebrate 
models such as Caenorhabditis elegans and Drosophila 
melanogaster. This is illustrated by the gradual ageing of M. lignano 
and the first indications that the mammalian ‘cancer-ageing 
hypothesis’ might be applicable to M. lignano. (see 7.2.2.2.). 
2) Rejuvenation at both the organismal and neoblast level could be 
observed after regeneration (see 7.2.3.2.).  
These two conclusions form the basis for the main future 
perspectives.  
7.5.2 Main future perspectives 
First, the applicability of the ‘cancer-ageing’ hypothesis to M. lignano 
should be studied in more detail. This includes studying DNA 
damage/repair, cell death and cellular senescence. Second, 
rejuvenation of both the organism and the neoblasts should be studied 
in more detail.  
For both aims, it remains important to study all levels of organisation, 
as was done during this PhD. Moreover, research should be expanded 
to the molecular level. 
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In the long run, these perspectives can result in an increased 
knowledge of neoblast functionality, ageing, and rejuvenation, and 
the impact of these processes on the ageing process of the organism. 
The next step is to test if this knowledge can be extrapolated to 
mammalian stem and progenitor cells and tissue homeostasis.  
A third interesting perspective is the comparison of tissue 
homeostasis and ageing in M. lignano and S. polychroa. Insight in the 
differences between these species can lead to an increased knowledge 
of which factors are important for modulating homeostasis and 
ageing.   
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8.1 Summary 
Ageing is a complex process during which almost all aspects of 
physiology are undergoing steady modifications, resulting in a 
progressive loss of function and eventually death. It is caused by the 
summed effect of several factors, some more important than others. 
During the last years, two related causes of ageing have been 
receiving increased attention: the decreasing stem cell functionality 
and tissue homeostasis during adulthood. However, in vivo research 
of the age-dependent stem cell functionality and tissue homeostasis is 
difficult in the current ageing models due to practical limitations. 
Therefore, there is a need for developing new ageing models. Several 
flatworm species have the potential of becoming one of these required 
new model organisms as they have a large and experimental 
accessible population of neoblasts, a high rate of cell renewal during 
adulthood and an amazing regeneration capacity. Even more 
interesting is that flatworms are frequently suggested to be able to 
reverse the ageing process and rejuvenate during fission, regeneration 
and starvation. However, knowledge of flatworm ageing is still 
limited and the hypothesis of rejuvenation is not unambiguously 
demonstrated yet.  
 
This PhD project has three general aims.  
1) Characterising the flatworm ageing process. This was done by 
developing and using biomarkers, which allows studying several 
aspects of the ageing process.  
2) Demonstrating rejuvenation caused by regeneration and fission. 
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3) Developing flatworm models for ageing and rejuvenation 
research.  
To address these aims, we worked with three species during this 
project: Schmidtea mediterranea, Schmidtea polychroa, and 
Macrostomum lignano.    
 
1) Characterising the flatworm ageing process. 
The age-dependent metabolic rate was studied during a three-year 
longitudinal study, using the species Schmidtea polychroa (Chapter 
5). During this study, metabolic rate was measured by means of 
microcalorimetry and the obtained values were normalised to body 
surface area. The longitudinal study demonstrated a decline in 
metabolic rate during development, but a lack of metabolic ageing 
during adulthood. The median lifespan of the experimental cohort 
was reached at the age of about three years, but we observed that all 
deaths occurred in pairs of worms maintained together. This suggests 
that worms did not die from ageing and based on the metabolic and 
demographic data, we hypothesise that S. polchroa shows negligible 
ageing. Furthermore, we found a remarkable biphasic allometric 
scaling relation between size and metabolic rate. The first phase 
correlates with the initial growth phase, while the second corresponds 
with adulthood.  
Several other aspects of flatworm ageing were studied in the species 
Macrostomum lignano.  
Morphological studies demonstrated that old worms are characterised 
by body deformities such as cysts and epidermal bulges (Chapter 2 - 
4). M. lignano was used to perform the first survival analysis in 
flatworms (Chapter 3). We determined the median lifespan (about 6.5 
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months), 90th percentile lifespan (about a year), and the maximum 
lifespan (more than two years). During the demographical analysis, 
we observed an exponential increase in the age-specific mortality rate 
and calculated the mortality rate doubling time (0.20 ± 0.02). This 
indicates that M. lignano ages gradual just as the vertebrate ageing 
models Rattus norvegicus and Mus musculus. Ageing of M. lignano 
was further confirmed by the significant decrease of the age-
dependent male and female fecundity (Chapter 4). Studying neoblast 
proliferation showed an age-dependent decrease of the density of M-
phase neoblasts. Remarkably, the density of S-phase neoblasts 
remained constant with advancing age (Chapter 4). In the general 
discussion (Chapter 7), all obtained data are integrated and discussed 
in detail. We hypothesise that the observed differences in the rate of 
ageing in Schmidtea and Macrostomum are related to the 
presence/absence of asexual reproduction and the differences in 
regeneration capacity in these two genera. 
 
2) Demonstrating rejuvenation. 
Rejuvenation during fission was demonstrated in the asexual strain of 
Schmidtea mediterranea (Chapter 6). Prior to studying rejuvenation, 
we had to determine which of both fission fragments are new 
individuals and define the lifespan. This was done by measuring 
oxygen consumption as a marker of metabolic rate and normalising 
the obtained results to body surface. Metabolic rate was studied 
during regeneration after fission and a longitudinal study of 107 days. 
We concluded that consecutive anterior fission fragments are one 
reproducing individual while the formed posterior fission fragments 
are new rejuvenated juvenile individuals. The juveniles exhibit a 
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growth phase after which they reach adulthood and start to divide 
themselves.  
Rejuvenation during regeneration was studied in M. lignano by using 
the markers male fecundity and M-phase neoblast density (Chapter 
4). In regenerated old animals, a significant increase (and thus 
reversed decrease) was observed for both markers, demonstrating 
rejuvenation at the organismal and the neoblast level.  
In the general discussion (Chapter 7) all rejuvenation data are 
integrated and discussed in detail.  
 
3) Developing flatworm models for ageing and rejuvenation research. 
The first steps in developing new models is establishing a first 
fundamental dataset and expanding the experimental toolbox. This 
was done during this PhD project. Furthermore, we discuss the 
potential of the three used species for the different areas of ageing and 
rejuvenation research in the general discussion (Chapter 7). For 
studying negligible senescence, Schmidtea can be very useful. M. 
lignano is the most appropriate species for studying in vivo stem cell 
ageing and rejuvenation. Comparing Schmidtea and Macrostomum is 
a convenient way for studying how different species have a different 
rate of resisting ageing.   
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8.2 Samenvatting 
Veroudering is een complex proces dat gekenmerkt wordt door 
veranderingen in bijna alle fysiologische en morphologische 
kenmerken. Het resultaat hiervan is een progressieve daling van de 
functionaliteit wat uiteindelijk leidt tot de dood. Het 
verouderingsproces wordt veroorzaakt door een combinatie van 
verschillende factoren. Sommige factoren spelen echter een 
belangrijkere rol dan andere. De laatste jaren kwamen twee 
gerelateerde oorzaken van veroudering in de aandacht, die mogelijk 
belangrijk zijn; met toenemende leeftijd daalt  enerzijds de 
functionaliteit van de stamcellen en anderzijds de weefselhomeostase. 
De huidige modelorganismen hebben echter praktische beperkingen 
voor het in vivo bestuderen van stamcelbiologie en 
weefselhomeostase in functie van de leeftijd. Daarom is er een grote 
vraag naar nieuwe modelorganismen.  
Verschillende soorten platwormen hebben de mogelijkheid om één 
van die nieuwe modelorganismen te worden. Ze hebben een grote en 
experimenteel toegankelijke populatie van stamcellen (neoblasten), 
een intense celvernieuwing tijdens het volwassen leven en een 
ongelooflijke regeneratiecapaciteit. Bovendien wordt vaak 
gesuggereerd dat platwormen kunnen verjongen tijdens fissie, 
regeneratie en uithongering, wat hen nog interessanter maakt. De 
kennis over veroudering van platwormen is echter nog beperkt en de 
hypothese van verjonging is nog steeds niet onweerlegbaar 
aangetoond.  
 
Het doel van dit doctoraatsproject is drieledig: 
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1) Het karakteriseren van veroudering bij platwormen aan de 
hand van biomerkers. Door de ontwikkeling en het gebruik 
van biomerkers is het mogelijk verschillende aspecten van het 
verouderingsproces te bestuderen. 
2) Het onderzoeken van verjonging na fissie en regeneratie. 
3) Het ontwikkelen van platwormmodellen voor verouderings- 
en verjongingsonderzoek. 
Om deze doelstellingen te bereiken werd met drie verschillende 
soorten gewerkt: Schmidtea mediterranea, Schmidtea polychroa en 
Macrostomum lignano. 
 
1) Karakterisatie van platwormveroudering. 
In Schmidtea polychroa werd het leeftijdsafhankelijke metabolisme 
bestudeerd tijdens een driejarige longitudinale studie (Hfdst 5). Het 
metabolisme werd gemeten door middel van microcalorimetrie en de 
bekomen waarden werden genormaliseerd op basis van de 
oppervlakte van het het lichaam. Dit longitudinale experiment toont 
aan dat het metabolisme wel daalt tijdens de ontwikkeling, maar dat 
er geen metabolische veroudering is tijdens het volwassen leven. De 
mediane levensduur werd bereikt na drie jaar. We stelden echter vast 
dat alle wormen per koppel stierven, wat suggereert dat hun dood niet 
door veroudering is veroorzaakt. Bovendien werd geen significante 
stijging in mortaliteit gevonden tijdens deze longitudinale studie. 
Gebaseerd op deze data stellen we voor dat S. polychroa gekenmerkt 
wordt door verwaarloosbare veroudering. Verder kunnen we stellen 
dat er een merkwaardige bifasiche allometrische relatie bestaat tussen 
de grootte van het organisme en het metabolisme. De eerste fase komt 
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overeen met de initiële periode van groei, terwijl de tweede fase 
overeenkomt met het volwassen leven.  
Verschillende andere aspecten van platwormveroudering werden 
bestudeerd in de soort Macrostomum lignano. Morfologische studies 
toonden aan dat oude indiviuden gekenmerkt worden door 
lichaamsmisvormingen, zoals een gerimpelde epidermis en cysten 
(Hfdst 2 en 3). Een gedetailleerde demografische analyse toonde aan 
dat M. lignano een mediane levensduur van ongeveer 6.5 maanden, 
een 90ste percentiel levensduur van ongeveer een jaar en merkwaardig 
genoeg een maximale levensduur van meer dan twee jaar heeft (Hfdst 
3). Verder toonden we aan dat de leeftijdsspecifieke mortaliteit 
exponentieel stijgt en we berekenden de verdubbelingsduur van de 
kans op sterven (0.20 ± 0.02). Dit toont aan de M. lignano gradueel 
veroudert, net als de vertebrate verouderingsmodellen Rattus 
norvegicus en Mus musculus. Veroudering van deze soort werd 
verder aangetoond door de significante daling van zowel het 
mannelijke als het vrouwelijke vermogen tot voortplanting (Hfdst 4). 
Ook de mate van proliferatie van de neoblasten werd bestudeerd, 
waarbij een leeftijdsafhankelijke daling van de densiteit van 
neoblasten in M-fase werd geobserveerd. De densiteit van neoblasten 
in S-fase bleef merkwaardig genoeg constant (Hfdst 4). In de 
algemene discussie (Hfdst 7) worden alle bekomen data geïntegreerd 
en in detail bediscussieerd. Tijdens dit project kwamen we tot de 
conclusie dat Schmidtea en Macrostomum verschillen in snelheid van 
veroudering. We suggereren dat de verschillende snelheid van 
veroudering in Schmidtea en Macrostomum veroorzaakt wordt door 
het verschil in het voorkomen van  aseksuele voortplanting en het 
verschil in regeneratiecapaciteit in deze genera. 
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2) Verjonging na fissie en regeneratie. 
Verjonging na fissie werd bestudeerd in de aseksuele lijn van 
Schmidtea mediterranea (Hfdst 6). Vooraleer dit bestudeerd kon 
worden, was het echter noodzakelijk om te bepalen welke van de 
twee fissiefragmenten nieuwe individuen zijn en hoe we de 
levensduur moeten definiëren. Om op deze vragen te kunnen 
antwoorden, hebben we het zuurstofverbruik als maat voor 
metabolisme gemeten. De bekomen waarden werden genormaliseerd 
op basis van de lichaamsoppervlakte. Deze metingen werden 
uitgevoerd tijdens regeneratie na fissie en tijdens een longitudinaal 
experiment van 107 dagen. We kunnen besluiten dat opeenvolgende 
anterieure fissiefragmenten hetzelfde (oude) individu zijn dat zich 
voortplant, terwijl de posterieure fragmenten nieuwe, verjongde 
juveniele individuen zijn. Deze juvenielen ondergaan een groeifase, 
waarna ze adult worden en zelf beginnen te delen.  
Verjonging na regeneratie werd bestudeerd in Macrostomum lignano 
door gebruik te maken van volgende verouderingsmerkers: enerzijds 
mannelijke voortplanting en anderzijds densiteit van M-fase 
neoblasten (Chapter 4). Na regeneratie werd een significante stijging 
(en dus omgekeerde daling) geobserveerd. Dit toont aan dat 
regeneratie inderdaad verjonging veroorzaakt op het niveau van het 
organisme en op niveau van de neoblasten.  
In de algemene discussie (Hfdst 7) worden alle data relateerd aan 
verjonging geïntegreerd en in detail bediscussieerd.  
 
3) Ontwikkelen van platwormmodelorganismen voor verouderings- 
en verjongingsonderzoek 
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Het opstellen van een fundamentele dataset en het uitbreiden van de 
beschikbare technieken zijn de eerste, belangrijke stappen in het 
ontwikkelen van nieuwe modelorganismen. Deze eerste twee stappen 
werden gezet tijdens dit doctoraat. De mogelijkheden van de drie 
gebruikte soorten voor de verschillende velden van verouderings- en 
verjongingsonderzoek worden besproken in de algemene discussie 
(Hfdst 7). Schmidtea is het best geschikt voor het bestuderen van 
verwaarloosbare veroudering. Voor het bestuderen van de in vivo 
veroudering en verjonging van stamcellen is Macrostomum lignano 
het meest geschikt. Een vergelijking tussen Schmidtea en 
Macrostomum is waardevol bij het onderzoek naar de verschillende 
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Ageing is a gradual and inherently complex process, with almost all 
aspects of physiology and phenotype undergoing steady modifications 
(1). For studying the different aspects and possible causes of ageing, 
diverse methodologies and model organisms are used. In recent 
research, increased attention is drawn to the role of stem cells and 
tissue homeostasis. Several studies have already demonstrated that 
ageing is invariably accompanied by a diminished capacity to 
adequately maintain tissue homeostasis or to repair tissues after injury 
(1-3). This declining capacity can, however, be caused by several 
plausible mechanisms, such as age-related changes in the stem cells 
themselves, in the local environment (niche) in which the stem cells 
reside, in the systemic milieu of the organism (e.g. the nervous 
system), or in any combination of these (2). To unravel these distinct 
contributions to the aged phenotype, more data on these processes is 
needed. Studying these processes in the existing model organisms is, 
however, difficult because of the relative inaccessibility of the stem 
cell population in the vertebrate models on one side, and because of 
the lack of or limited number of stem cells in adults of models such as 
Caenorhabditis elegans and Drosophila melanogaster on the other 
side (3,4). Therefore, new model organisms should be developed to 
obtain more data and gain a better insight in this matter. 
Free-living flatworms are highly promising organisms in which to 
unravel such unanswered questions, mostly due to their 
experimentally-accessible population of likely totipotent stem cells, 
known as neoblasts (5-7). Furthermore, in several flatworm species, a 
lifespan extension induced by starvation or repeated regeneration is 
observed, and several authors even suggest that there is an actual 
rejuvenation (8-10). This makes it possible to study, not only ageing, 
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but also rejuvenation and the interaction between younger and older 
tissues. Therefore, flatworms have the potential to become one of the 
new ageing models we are looking for. 
The first step in developing a flatworm ageing model is choosing an 
appropriate species. An important criterion for making this choice is 
being able to maintain standardised cultures. This is a necessity for 
setting up ageing cultures and obtaining enough individuals of a 
desired age to perform experiments. After trying to culture several 
flatworm species, we made an initial selection of three species: 
Schmidtea mediterranea, Schmidtea polychroa and Macrostomum 
lignano. The next aims were to further standardise the cultures and 
test the potential of these three species for studying different aspects 
of ageing. Each species has it strengths and weaknesses, but our 
experience suggested that M. lignano (Macrostomorpha) is the most 
appropriate for ageing research. Some examples of the advantages of 
this worm compared to triclads are: 1) a transparent body and well-
described anatomy, which makes the in vivo study of cells and organ 
systems possible during ageing and regeneration, 2) neoblasts and 
other cell types can be easily labelled by soaking the whole animals in 
medium containing antibodies, 3) a limited number of cells, 25,000 in 
total, which makes it possible to quantify neoblasts and other cell 
types (7,11). Consequently, we chose M. lignano to develop it further 
as a new ageing model. We will therefore focus on this species here.  
Culturing M. lignano in the laboratory is straightforward and 
standardised. Individuals are incubated at 20°C and a 13h:11h light: 
dark cycle (12) and are maintained in f/2, a nutrient-enriched artificial 
seawater medium at a salinity of 32‰ (13). They are fed ad libitum 
with the diatom Nitzschia curvilineata, which is grown under 
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identical conditions as the worms. Mature worms, which are 
simultaneous hermaphrodites, generally lay one egg per day and 
individuals have a short embryonic development of 5 days and a 
generation time of about 2–3 weeks (14). 
The next step in initiating ageing research in a new model organism is 
to obtain a demographic data set, which is essential for designing 
experiments. These survival data indicate at what age individuals can 
be considered old and what proportion of the initial cohort is alive at a 
certain age. This allows one to choose age groups and calculate how 
big initial ageing cultures should be, in order to give experiments 
enough statistical power. Besides survival data, knowledge on the 
age-related changes in mortality rate provides a basic measure for the 
rate of senescence (15), and can be used to study whether 
experimental manipulations can alter the rate of ageing or even 
induce rejuvenation. We have previously followed the survival of M. 
lignano in three replicate cultures consisting of 100 individuals each 
(16). This experiment has demonstrated that in this species the 
average (± standard deviation) median lifespan is 205 ± 13 days and 
90th percentile lifespan is 373 ± 32 days (16). The maximum lifespan 
currently observed is 861 days (2.4 years). Further analysis of the 
survival data allowed us to calculate the mortality rate doubling time 
(MRDT), which is held to be a fundamental measure of senescence 
(15,17). M. lignano has a MRDT of 0.20 ± 0.02 years and is thus, just 
as humans, a gradually ageing species according to Finch’s (15) 
classification of senescence patterns. Remarkably, the mammalian 
models Mus musculus and Rattus norvegicus have a similar MRDT of 
0.27 and 0.30 years respectively (15,17). Despite this, M. lignano has 
a shorter lifespan than these rodent models (maximum lifespan of 4.5 
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and 5.5 years respectively), which is a clear advantage for 
experimental work with this species (17). In contrast, other 
frequently-used invertebrate models such as C. elegans and D. 
melanogaster show rapid senescence, with a MRDT of 0.02-0.04 
years and a short maximum lifespan of 0.16 and 0.30 years 
respectively (15). The survival curve itself and a detailed discussion 
of the above-mentioned demographic data set of M. lignano are 
presented in Mouton et al. (16). 
As a next step, we are characterising the morphology as a function of 
age in M. lignano. Characteristic for ageing individuals is the 
appearance of body deformities, such as a slightly notched epidermis, 
the presence of grooves in the head region (called urn-shaped 
invaginations in Ladurner et al. (18)), liquid-filled cysts that tend to 
be present in all body regions and a disintegration of the gonads in 
some aged individuals (16,19). These deformities can be an indication 
of failing cell renewal and tissue homeostasis with advancing age. 
To confirm this hypothesis, we conducted preliminary experiments 
with two concentrations of 5-fluorodeoxyuridine (FUdR): 0.2mM and 
0.6mM. FUdR inhibits the cell cycle during DNA replication, which 
results in the loss of neoblast-functionality and an inhibited tissue 
homeostasis. Treatment was performed by culturing 1-month old 
individuals as described above, but with FUdR dissolved in the f/2-
medium. Treatment of these young individuals initially resulted in 
similar deformities as described above, but malformations quickly 
became more severe and extreme during the progress of the 
experiment. In the first week of treatment, the epidermis became 
slightly notched. Later on, the notching of the epidermis became 
much more extreme. From the second week of treatment, lesions in 
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the epidermis could be observed. Furthermore, organs such as the 
gonads and the gut started to disintegrate. After the third week, 
several individuals broke into pieces and died (Fig. 1.). In general, the 
observed malformations strongly resemble the phenotypes that 
became apparent following macpiwi RNA interference and irradiation 
of M. lignano, which also inhibit neoblast functionality and tissue 
homeostasis (20,21). An effect of the dosage of FUdR could not be 
observed by studying the morphology. As this experiment was 
preliminary, more research is needed to study more FUdR 
concentrations, recovery after stopping treatment and survival. 
Currently we are also studying the number of stem cells and the rate 
of tissue homeostasis as functions of age. This is possible by labelling 
S-phase and M-phase neoblasts with the thymidine analog 5’-bromo-
2’-deoxyuridine (BrdU) and anti-phosho-histone H3, respectively 
(7,22). 
With the experiments described in this manuscript, we started 
characterising the phenotypic effects of the ageing process of M. 
lignano. Much more research is needed, but because of several 
strengths (ease of culturing, accessible stem cell population, available 
experimental toolbox), this species has the potential to play a crucial 
role in gaining better insight into the role of stem cell biology and 

















Morphology during FUdR-treatment. (A) Morphology of young adults 
of M. lignano in normal culture conditions. (B) Individual during the 
second week of FUdR-treatment. Several malformations can be 
observed such as a notched epidermis (bulges indicated with arrows), 
lesions in the epidermis (*) and a disintegration of the gonads. (C) 
Individual during the third week of FUdR-treatment. Organs such as the 
gonads and the gut are completely disintegrated and the epidermis is 
extremely notched. In all figures, anterior is at the top. A and B are 
ventral views, C a dorsal view. B: brain, E: eye, G: gut, T: right testis, 
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